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INTRODUCTION

- Objectives

The purpose of this project was to develop and validate a reproductive toxicity test using
the gametes and embryos of the South African clawed frog, Xenopus laevis. The use of X, laevis
provides an alternate species to standard mammalian tests and uses the same species as the Frog
Embryo Teratogenesis Assay - Xenopus (FETAX). The specific objectives of this project were:
1. Develop and evaluate exposure methods that effectively deliver toxicants to adult frogs. Four

experimental exposure methods were evaluated: direct via culture media; uptake of the
toxicant by ingestion in food (oral); intraperitoneal (i.p.) inj ectidn (parenteral); and
subcutaneous (s.c.) injection into the dorsal lymph sac.

2. Develop a reproductive toxicity assay battery using X. laevis focuéing on gametogenesis
(oogenesis/spermatogenesis), reproductive performance (mating success, fertilization), and
embryonic development (embryonic viability and developmental toxicity).

3. Develop a preliminary protocol and validate the system boric acid (B) (Ku et al., 1993; Weir
and Fisher, 1972; Le¢ et ai., 1978; Fail et al.: 1991; Price et al., 1996; Heindel et al., 1992;
Price et al., 1991; Bussi, 1995), cadmium (Cd) (Vogiazis and Loumbourdis, 1997; Barr,
1973; Webster, 1990; IARC, 1993; Kostial, 1986; Watanabe et al., 1977; De et al., 1993),
and ethylene glycol monomethyl ether (EGME) (Chapin and Sloane, 1997; Nagano et al.,
1979; Nagano et al., 1981), three toxicants shown to possess varying degrees of reproductive

toxicity in mammals.

| Signiﬁcahce of the Current Research

Cellular and molecular processes differ among the various stages of an organism's life
cycle. These differences can cause a varied sensitivity to xenobiotics, where some life stages
may be more sensitive because of specific cell receptors or differences in metabolism. Therefore,
it is important that toxicity screening assays account for the different stages of the life cycle,
especially the most sensitive stages such as within reproduction and development. Reproduction

and development are complex and specialized processes that begin with gametogenesis, continue




through fertilization and embryogenesis, and end in the sexual maturation of the organism. In
designing a reproductive toxicity assay itis cntlcal to assess toxicity at the stages in an ammal'
life cycle when sensitivity to toxicants occur (Mattison and Thomford 1989) For example,
gametes can be affected by toxicants at levels well below those of adults. Many current short
term reproductive and developmental toxicity tests may be missing significant toxic events by
excluding the effects on gametes, and full life cycle studies are not practical in most vertebrates
due to their long life spans. It may be wiser to use a battery of short-term tests to assess toxicity
to vertebrates. It is more economically feasible to use the same species for as many tests as
possible. Therefore, the reproductive toxicity test we are developing complements the more
extensively developed FETAX developmental toxicity test and a thyroid disruption assay

~ currently being developed using X. laevis. In order to achieve a thorough assessment of hazards
to an organism, Itoxicity testing must take into account the different stages in the organism's life
cycle. Testing should, therefore, incorporate all aspects of toxicity, including immunotoxicity,
nneurotoxicity, developmental toxicity, and reproductive toxicity. Reproductive toxicity tests
should examine the effects of xenobiotics on gametes, fertilization, and progeny.

Historically, much of reproductive toxie.ity testing had ’centered primarily on the male
reproductive system. Concern with male reproduction has escalated following the discovery of
declining sperm counts over the past 50+ years by some investigators, although this is
controversial. Research has been conducted on the processes of spermatogenesis as well as
changes in testes morphology (Mori et al., 1992; Majumder and Kumar, 1995; Llobet et al.,
1995; Pant et al., 1995; Boockfor and Blake, 1997). Female reproductive toxicity was not
vigorously studied until reeently and as such there are very few validated assays that test toxicant
effects on the female reproductive system and impact on developmental processes in their
progeny (Kamrin etal., 1994). The preponderance of female reproductive toxicity tests are
conducted with mammals, specifically on events occurring after fertilization (Levin and Miller,
1980; Rice, 1981; Wier et al., 1990; De et al., 1993). For example, researchers have examined
the effects of toxicants on post-fertilization events such as the implantation of embryos (Rice,
1981; Eisenmann and Miller, 1994) and interaction between mother, placenta, and fetus (Wier et
al., 1990). Additionally, the celluiar proeesses such as gap junction communication during

muscular contractions in the uterus have been reviewed by Kamrin et al. (1994). Paksy et al.




(1997) showed that Cd interfered with cell-cell junctions and cell adherence in rats. Studies have
also been conducted with vertebrates other than mammals. Michibata et al. (1987) have
examined the survivability of teleost fish éggs exposed to varying toxicant ‘concentrationé, the
amount of toxicant accumulated by the egg, and the lo‘cation of the toxicant within the egg and
surrounding membranes. ‘

The endpoints that can be evaluated in a reproductive toxicity test are numerous. Adult
animals can be exposed and their gonads and/or gametes examined for morphological changes
(Lohiya, 1976; Mattison et al., 1983; Sato and Koide, 1984; Jarrell et al., 1988; Toth et al., 1992;
Domingo, 1995; Kramer et al., 1998). Cross-over breeding studies in which treated females are
bred with untreated males, and the reciprocal cross, can assess impact on reproductive
performance characteristics. Transgenerational effects on the progeny of iexposed adults can be
assayed using the endpoints from FETAX. FETAX endpoints include mortality, malformation,
growth inhibition, behavior, pigmentation, locomotion, and feeding ability. Additionally, a 96-h |
LC50 v(mortality) and 96-h EC50 (malformation) can be determined ‘by probit analysis of the data
collected from FETAX. A teratogenic index (TI) can then be calculated by dividing the LC50 by
the EC50. The TI is a comparison of observed :cbxicities between an adult and embryo and is a
measure of developmental hazard. A compound witha TI<1.5 is interpretéd to have a low
teratogenic hazard whereas higher values signify an increase in the potential teratogenic hazard.

Although the use of X laevis as a model system for evaluéting reproductive and
developmental toxicity is currently being assessed by the Endocrine Disruptor Screening and
Testing Advisory Council (EDSTAC) as a Tier 2 test, standardized and validated methods of
evaluating reproductive toxicity in amphibians have not yet been fully developed. Because
standard mammalian reproductive toxicity models rely on either gonadal of post-fertilization
effects, a toxicify model providing information on the effects of potential toxicants on
reproductive performance and gametogenesis is warranted. Amphibians represent a suitable
model for simultaneously monitoring reproductive performance and gametogenesis. In
particular, X. ldevz's is well suited for female repfoductive studies because of its fecundity and
continuous asynchronous oogenesis. A newt reproductive cycle can be initiated in vitro during
any seasén by administration of hormones (Dumont, 1972). The study of X. laevis oogenesis has

led to our understanding of the molecular mechanisms of human oogenesis (Muller, 1997).




Thus, X, laevis also serves as an excellent model to evaluate early embryonic development

(Dumont et al., 1983; Fort et al., 1988; Dawson et al., 1988; Fort et al., 1989; Fort and Bantle,

1990). Collection of simultaneous information on the effects on gamefogeﬁesis and reproductive
outcome not only provides hazard assessment information, but also provides mechanistic clues
concerning the modes of action of reproductive toxicants. Additionally, an extensive knowledge

base has been developed through its use for research in developmentalt and molecular biology.

Rationale for Gametogehesis-Based Endpoints in Assay

Design

Gametogenesis and fertilization are highly specialized processes. Meiosis is the
reduction of chromosomes from a diploid to a haploid number and takes place only duriﬁg
gametogenesis. Interruption of meiosis can result in aneuploidy or polyploidy as well as other
chromosomal defects of a hazardous nature. | '

At the onset of amphibian oogenesis, the oocytes begin meiosis but are arrested in the
diplotene stage of prophase I. During the diplo;éne stage, the chromosomes become highly
extended into a lampbrush conﬁguration and are very active in RNA synthesis (Gilbert and
Raunio, 1997). These specialized chromosomes direct the metabolic activities of the developing
cell. Along with the lampbrush chromosomes, gene amplification also occurs during this stage
(Gilbert and Raunio, 1997). During gene amplification ribosomal rna (fRNA) is replicated for
the synthesis of ribosomes, which is necessary for synthesizing proteins. Proteins are needed to
supply the growing oocyte as well as carry the embryo through the first stéges of development.

Diplotene is also a period of oocyte growth and differentiation. The oocytes grow mainly
by accumulating yolk through vitellogenesis. Viteilogenin may be an important route of
exposure to toxicants, functioning as a carrier protein for inorganic phosphates, lipids,
carbohydrates, and metals that ultimately get incorporated into the oocyte (Ghosh and Thomas,
1995). Once incorporated into the oocyte, vitellogenin is converted into 'yolk proteins (Wallace
and Bergink, 1974). A majority of the yolk accumulates in the vegetal hemisphere of the
growing oocyte. This hemisphere is yellowish in color and contains mRNAs essential for

organism development. The other half of the oocyte, the animal hemisphere, is darker in




pigmentation and contains the nucleus, or germinal vesicle. During development, most of the
organs cbme from the animal hemisphere (Gilbert and Raunio, 1997). The end product of

| oogenesis, an oocyte, is a highly polarized cell. “This cell contains enoﬁgh rhateﬁal to form a

complete embryo in the absence of sperm (Gilbert and Raunio, 1997). Additionally, the oocyte

contains numerous morphological and physiological adaptations that permit rapid and controlled

" embryonic development.

Oocyte maturatién begins when luteinizing hormone (LH) stimulates the follicle cells
around the oocyte to produce progesterone (Gilbeft and Raunio, 1997). Upon oocyte maturation,
meiosis resumes and the germinal vesicle breaks down (GVBD). During GVBD microvilli -
retract, nucleoli disintegrate and the lampbrush chromosomes contract. The oocyte divides and
becomes arrested for a second time in metaphase II.. The course of X. laevis oocyte maturation
and the associated biochemical changes have been extensively researched (Sato and Koide, 1984,
Cicirelli and Smith, 1985; Taylor and Smith, 1987). Cicirelli and Smith (1985) found that levels
of cyclic adenosine monophosphate (CANT) declined upon oocyte maturation. Exposure to
toxicants that interfere with the decline in CANT levels cause the oocyte to remain in meiotic
arrest, thereby impeding maturation. Fertilizati;)n is the next signal that allows completion of
meiosis and the subsequent fusion of pronuclei. The new embryo utilizes its store of histones,
energy, mRNA, and proteins to proceed rapidly through development. Missing genetic
information or the effect of the toxicant on early development will be quickly translated into

malformed, stunted or dead embryos.

Prelimiliary or Related Studies

Reproductive Toxicity

Previous work was conducted in this laboratory in which the reproductive toxicity of JP-4
contaminated soil was examined using X. laevis. Tests were conducted with known reproductive
toxicants to evaluate endpoint selection, and the reproductive toxicity of the contaminated soil
was examined. Adults were exposed either orally or dermally for a period of 60 d. Although the
direct exposure method was successful in this study, we concluded that direct i.p. or s.c. injection

should be explored in the future. Additionally, attempts should be made to shorten the length of




exposure. More research with positive controls was recommended. Analysis of oocytes in vitro
proved to be a valuable endpoint; however, we concluded that two groups of female frogs should
be used, one for oocyte analysis and the other for breeding so that the impaét of effects on

oogenesis or oocyte maturation on reproductive performance could be determined.




BODY
- Experimental Methods

Preliminary Studies

Route of Administration Evaluation

In an effort to determine the most efficacious route of test material administration, eight
adult X, laevis (four male and four female) were administered either boric acid (B), CdCl, (Cd),
or EGME via the cﬁlture water, food, or by i.p. or s.c. injections. Efficacy of the delivery
method for the purposes of the present study was determined not only by which route delivered
the most toxicant to the reproductive organs, but also by ease of administration and the
environmental relevance of the route. For exposure via the culture water, 100 mg B/L, 2.5 mg
Cd/L, and 1.0 mg EGME/L were provided via the culture water (FETAX Solution). Culture
water was renewed every 48 h fora tofal exposure period of 30 d. Enteral toxicant
administration was provided using B-, Cd- or EGME-enriched beef liver. The total B, Cd, or
EGME administered was 10 mg/Kg/d, 2.5 mg/Kg/d, or 1.0 mg/Kg/d, respectively, for 30 d. Lp.
or s.c. injections of 100 mg B/Kg/d, 2.5 mg Cd/Kg/d, or 1.0 mg EGME/Kg/d for five concurrent
d were performed. For the s.c. route, the injection was made directly into the dorsal lymph sac.
At the conclusion of the administration studies and immediately prior to eﬁthanasia,_ the frogs
were weighed and anesthetized with 1% w/v 3-aminobenzoic acid, ethy] ester (MS-222). A 10%
solution (w/v) of MS-222 at a dose of 0.2 mL per 50 g of body weight was injected into the
dorsal lymph sac of the animal to be euthanized (Bantle et al., 1998). Gonadal and liver tissue

from each specimen was collected and analyzed for each respective test material.

Initial Determination of Test Endpoints Using Cadmium

Mature female and male X, laevis were obtained from Xenopus 1 (Dexter, MI) and
allowed to acclimate for a period of 14 d before being number branded with liquid nitrogen for
identification. Each experiment was composed of one control group and two treatment groups;
each group contained the same number of frogs. Frogs were randomly divided into treatment

groups and housed them in six identical heavy plastic laundry tubs containing 15 L of filtered,




non-chlorinated water. No more than 4 frogs were housed per tub. The water was changed three
times weekly; temperature was kept between 20 and 22° C and monitored daily. Frogs were 4
housed in a room with a photoperiod of 12 h light:12 h dark. They wére féd a diet of ground beef
liver and lung containing vitamins threé times per week. Frogs were weighed weekly and ’
behavior was monitored routinely. | |

- Frogs were injected s.c. via the dorsal lymph sac every other d for 21 d with either 0.7%
saline or Cd as cadmium chloride (CdCl,) (Aldrich Chemical CAS #10108-64-2) in saline
solution at the dose levels (mg Cd/Kg body weight). Frogs in experiments 1 (3.0 and 5.0 mg
Cd/Kg) and 2 (0.5 and 5.0 mg Cd/Kg) were inj ected with Cd immediately following the
acclimation period. Frogs in experiments 4 (0.5 and 3.0 mg Cd/Kg), 5, and 6 (0.75 and 1.0 mg
Cd/Kg) were induced to ovulate 20 d prior to beginning Cd exposufe by injection with 800 IU
human chorionic gonadotropin (hCG) (Sigma #CG-5).

After the final injection, frogs were anesthetized with MS-222 until unresponsive and
then killed by cervical dislocation. The ovaries, livers and spleens were immediately removed
and weighed. Livers and spleens were stored in 3% forrnalin while ovaries were placed in
Barth's medium (Smith et al., 1991). The orgarI -weight to body weight ratio for ovaries, livers,
and spleens was calculated and the data analyzed for non-stimulated and stimulated frogs.
Necropsies were performed, noting any gross lesions or tumors. A lobe from the ovary was
removed. Ova were isolated according to Smith et al. (1991), staged by diameter (using an
ocular micrometer) and morphology as per Dumont (1972) and stored in 3% formallin. Ova at
each stage of oogenesis were compared between control frogs and treated frogs.

Treated and control fémales were fnated with untreated males. Animals were induced to
breed by injection with hCG (800 p/mL - females, 400 WmL - maleé). Mating behavior was

observed and deviations from normal recorded. FolloWing successful mating, 200 eggs from

_ each pair were double sorted according to ASTM E1439-91 (ASTM, 1998) procedures and
allowed to grow for 96 h in an incubator at 24°C. After 4 d (stage 46), mortality of the embryos

was assessed, embryos were anesthetized in 4% MS-222 and fixed in 3% formalin.
Malformation and length data were gathered as in standard FETAX protocol.
For analysis of Cd in ovaries, eggs and embryos, samples were homogenized and

acidified with trace-metal grade nitric acid (HNO3). 'Sémples and blanks were sent to the U.S.




Army Center for Environmental Health Research (USACHER) for Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS) analysis using a Hewlett Packard Model 4500 ICP-MS L.
Techniques for sample processing and microwave digestion were conducted to maximize
recovery and to minimize extraneous metal contamination using Environmental Protection
Agency Method 6020. Once the samples arrived at Ft. Detrick they were transferred to acid-
washed Teflon digestion vessels. Additional HNO; was added to make the final volume 10 ml.
Samples were digested by microwave using the CEM Microwave Sample Preparation System
(CEM Corp., Matthew, NC). Following digestion, the samples were diluted to 40 ml with
distilled water and filtered through a 0.45 uM Teflon membrane. Cadmium standards were
prepared at 0, 1, 10.and 100 pg/L. An internal standard of 89Y at 1 mg/L was added prior to
nebulization. Following standardlzatlon the calibration curve was verlﬁed by analyzing a 100
pg/L cahbratlon standard and a blank. The check standard was repeated at a 10% frequency
during the analysis and after the analysis was completed The acceptable range for the check
standard was +/-10% of the actual value. Final Cd concentrations were corrected for internal
standard recovery, analysis dilution, digestion \{olume and the original mass of the sample. The

lower limit of sensitivity was 0.1 pg/g wet weight of the samples.

Statistical analysis

All data were initially tested for normality and homogeneity of variance. To determine
differences in oogenesis and organ-to-body weight ratios between control and treated frogs,
either a one-way ANOVA or Kruskal-Wallis one-way ANOVA on ranks, depending on -
" normality, was performed (Zar, 1984). Multiple comparison procedures were performed using
either Dunnett's or Dunn's Test (Zar, 1984). The data were analyzed using a two-way ANOVA
to evaluate the time of experiment and exposure effects (Zar, 1984). Analysis.of embryo ‘
" mortality and malformation rates was performed using the Chi-Square test of equal proportions
and Bonferroni confidence interval procedure. The Student's t-test was used to examine the
dlfferences in embryo length between the exposure groups (Zar, 1984). The data from the 0.5
mg Cd/Kg exposure groups was deleted for mortality, malformation, and length analysis due to

the small sample size (n=1).




Concentrations below the detection limits of the ICP-MS were represented as zero for

| statistical analysis. All statistical analysis were performed at the p < 0.05 level of significance. -
ANOVAs and multiple comparison procedures were performed with the SigmaStat software
from SPSS Science, Chicago, IL. The Student's t-test, Chi—équare tést, and Bonferroni procedure |
were performed using the Statistical Analysis Software from SAS Institute (Cary, NC).

Reproductive Toxicity Evaluation

Female Assessment
Exposure, Sample Collection and Breéding

Healthy female frogs were superovulated and bred by injecting 750 IU of human
ChOI‘lOIllC gonadotropin (hCG) into the dorsal lymph sac s.c. (ASTM, 1991; Ba.ntle et al., 1998;
Fort et al., 1999). Within 3-4 h post injection, ovulation commenced. For breeding, females
were paired with males injected with ~500 TU hCG s.c. Each mating pair was placed in a
polyethylene breeding chamber and allowed to breed overnight. In order to ensure that each
feméle fully discharged the majority of mature oocytes, each female was squeezed gently along
the flanks at the anterior portion of the ovary with posterior movement down the oviduct so as to
strip the ovary of oocytes not yet released. Each female was then placed into her respective
treatment for 30 d, at which time a thorough evaluation of reproductive status was perforrned.
Four of the eight females were paired with unexposed males to evaluate breeding response as
previously descrlbed The females were weighed and anesthetized with 1% w/v MS-222. The
ovaries, oviducts and livers were surgically removed prior to euthanasia. A 10% solution (W/v)
of MS-222 at a dosage level of 0.2 mL per 50 g of body weight was injected into the dorsal
lymph sac of the animal to be euthanized. The weight of each organ was determined, and the

ovary and liver were further processed for necropsy.

Gametogenesis
Oocyte staging was performed in accordance with the method of Dumont (Dumont,
1972), in which stages are based on matui'ity and numbered from I to VI, with I representing the

most immature oocytes and VI representing fully mature, banded oocytes. A thorough count of

10




all oocytes was then performed. Once this information was collected, this process was repeated

twice to verify the data collected. The number of necrotic oocytes was also determined.

In Vitro Oocyte Maturation - GVBD Assay

Ovaries were excised and placed in sterile, chilled Ca™/phenol red-free Hanks balanced
salts solution, pH 7.6, and diluted to 230 milliosmoles (mOsm) with distilled water (Hanks O) in |
accordance with the methods of Pickford and Morris (1999) and Dumont (1972). Ovarian tissue
was then cut into strips, rinsed, and incu_bated overnight at 4°C in Hanks O. Tissue was then |
digested for 75 min. in a 0.2% solution of collagenase D in Hanks O until all of the follicle cell
layer was removed from the oocytes. ‘After sufficient digestion, the odcytes were rinéed again in
fresh Hanks O and transferred to a disposable 100-mm Petri dish containing modified defined
nutrient oocyte medium (mDNOM, pH 7.6) (Dumont, 1972, and Pickford and Morris, 1999).
| Large, banded, pre-ovulatory stage VI oocytes were selécted by hand using a sterile
Pasteur pipette under a dissecting microscope and plated 20/well in sterile 36-well Pyrex glass
culture plates in 2 mL mDNOM. One uM progesterone was added and the plates were incubated
in a shaker at room temperature (20-23°C) for 24 h. The medium was then aspirated and the
oocytes were fixed in 5% (w/v) trichloroacetic acid. Maturation was visible externally as a white
“Roux” spot that indicates where the spindle has anchored to the plasma membrane at the animal
pole of the oocyte. GVBD was verified by cracking open representative samples from the fixed
oocyte. The maturational response of 20 oocytes in each well was expressed as the percentage
exhibiting GVBD, and the mean maturational response for each treatment combination

" represents a minimum of four replicate wells.

Male Assessment
Breeding and Sample Collection

Following 30 d of exposure, four male adults were collected and used to breed with
respective females. The remaining four adult males were also anesthetized at 30 d of exposure.
At this time the testes and liver were removed and the specimen euthanized. One testis was used

exclusively for determining sperm counts, whereas the other, which was sectioned rather than

11




minced/homogenized, was used to determine rates of dysmorphology and for histopatholo gical

_ examination (Hausen and Riebesell, 1991). The frogs were anesthetized as described previously

for the females. The testes were removed and any remaining fat was trlmmed from the testis.

Each testis was weighed and the information recorded.

Sperm Count

For the total sperm count, sahne-merthlolate-Tnton (SMT) (1 mL/10 mg tissue [0.9%
(w/v) NaCl, 0.01% (w/v) merthiolate, 0.05% (v/v) Triton X-100]) was used to maintain the
tissues during homogenization (Hausen and Riebesell, 1991). Testes were placed in a clean
scintillation vial with SMT, minced with scissors, and homogenized (Powergen® 125, Fisher
Scientific, Houston, TX) for two min. A sample was then placed into a hemacytometer and the
spermatids counted. At least three chambers were counted for each sample. If the totals were

not within 10%, the samples were recounted.

Dysmorphology Assessment

Dysmorphology was assessed by fixing the testis in 10% (w/v) formalin, pH = 8.0. The
preserved sperm cells were then surveyed. The total number of abnormal sperm was counted and
the types of abnormalities recorded. Several testes were surveyed per testis to ensure that the

rétes fell within 10% of one another.

Data Analysis

Reproductive status, including ovary and testis weights and pathology, total egg count,
oocyte necrosis, oocyte stage distribﬁtion, maturation capacity, sperm counts, and sperm
dysmorphology rates were detefmined for each adult. Breeding success, fertilization rates, and
embryonic viability were also determined. Comparisons of reproductive fitness evaluations were

performed using ANOVA (Dunnett’s Test, P <0.05).

Chemical Analysis
B concentrations were measured in the biological samples using inductively coupled

plasma-mass spectrometry (ICP-MS) analysis. Cd and EGME were determined by graphite
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furnace-atomic absorption spectroscopy (AAS-GF) and mass selective gas chromatography (GC-

- MS), respectively. Practical quantitation limits (method detection limit * dilution factor) for B,"

Cd, and EGME were 10.0 pg/Kg, 17.5 ug/Kg, and 50.0 pg/Kg, respecfivelif, for the biological

samples.

Results
Preliminary Studies
Route of Administration

Results from the route of administration studies are presented in Table 1. With each of |
the three test materials, the parenteral routes, specifically s.c. injection into the dorsal lymph sac,
was the most effective in terms of the amount accurnulated in the gonads. For each toxicant,
however, similar trends of accumulation were observed in the gonads via the enteral and
parenteral routes. Because each toxicant accumulated when administered via the culture water,
exposure via the culture water was selected for the reproductive toxicity test protocol
development and preliminary validation since i; fepresented an environmentally realistic route of

exposure.

Effect of Cadmium on Organ Weight

Analysis of the ratio of the organ weight to body weight of the liver, spleen and ovary
indicated that in non-stimulated frogs there was a significant increase in the spleen-to-body
weight ratio in the 0.5 and 3.0 mg Cd/Kg groups (p < 0.0001) (Table 2). Statistical analysis
revealed no differences in the ratios for the liver, spleen, or ovary in stimulated frogs. Both non-
stimulated and stimulated frogs exposed at 3.0 and 5.0 mg Cd/Kg exhibited a higher incidence of

edema due to quantities of yellowish fluid within the body cavity.
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Initial Determination of Effect of Cadmium on Oogenesis
Non-stimulated X. laevis _ -

Cd had a significant effect on oogenesis in non-stimulated and stimulated X. laevis
(Figures 1-4). In non-stimulated X laevis there was a concentfation—dependent decrease in the
percentage of stage 11 oocytes (Figure 1). This decrease was siQniﬁcant at 3.0 and 5.0 mg Cd/Kg
(p <0.0001). There was a decrease in stage ITI X, laevis oocytes exposed at 5.0 mg Cd/Kg (p<
0.0001) while a slight increase in stage III oocytes at 0.5 mg/Kg frogs Was exhibited (p > 0.05).
All exposure groups exhibited a decrease in the percentage of stage IV oocytes, but only the 5.0
mg Cd/Kg treatment group was significantly different at p < 0.0001. Although the percentage of
stage V oocytes increased at all exposures, only at 5.0 mg Cd/Kg was the increase significant (p
= 0.0013). The percentage of stage VI ooeytes in all exposure groups was different from controls
(p < 0.0001). Furthermore, there was an increase in atretic eggs in all exposure groups; however,
only at 3.0 and 5.0 mg Cd/Kg was the increase significant (p < 0.0001). |

Estimation of the total number of oocytes/g ovary at each stage (Figure 2) revealed the
same trends and statistical differences as in the percentage data (Figure 1) for stages II, III, IV
and atretic oocytes. Statistical examination of the total number of oocytes revealed no significant
difference in the number of stage V oocytes at all exposures, while the number of stage V

oocytes at all exposures decreased in the 3.0 and 5.0 mg Cd/Kg exposure groups (p < 0.0001).

Gonadotropin Stimulated X. laevis

Cadmium also affected oogenesis in hCG-stimulated frogs (Figures 3 and 4). There was
a decrease in the percentage of stage II oocytes in the 3.0 mg Cd/Kg exposure group (p = 0.04)
(Figure 3). The percentage of stage III oocytes was also decreased. The decrease was
significant at 0.75 mg and 3.0 mg Cd/Kg (p = 0.007). There was a significant difference in the
percentage of stage IV oocytes between the exposure groups (p < 0.001) but not between eontrol
and exposed frogs. The percentage of oocytes in the 0.75 and 1.0 mg Cd/Kg groups increased
over the control while there was a decrease in the 0.5 and 3.0 mg Cd/Kg groups. The percentage
of stage V oocytes at 0.5 mg and 3.0 mg Cd/Kg were decreased (p = 0.03). Statistical analysis of
the stage VI oocytes revealed a significant difference (p = Q.006); however, because very few

stage VI oocytes were produced during the exposure period, it was difficult to make comparisons
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between control and experimental groups. There was a significant increase in the percentage of
atretic oocytes in all exposure groups (p < 0 0001) Atretic oocytes at the lowest concentration
exhibited a mottled and swirled appearance, while at 3.0 mg Cd/Kg, the ovaries of most frogs
contained mostly completely degenerated oocyte follicles (Figure 5).

Estimation of the totai number of oocytes/g ovary revealed basically the same trends in
all stages across all exposure groups (Figure 4). There was a significant decrease in stage II
oocytes at 3.0 mg Cd/Kg (p = 0.04); however, the decrease was not significant in stage III
oocytes (p = 0.06). In stage IV oocytes, there was a difference between the 1.0 mg Cd/Kg and
0.5 and 3.0 mg/Kg exposure groups only (p = 0.0001). There was no significant difference in the
number of stage V oocytes although there is a distinct decrease in the population of oocytes.
There was a decrease in stage VI oocytes (p = 0.03); however, due to the high incidence of zeros
in the data set, a multiple comparison test was not valid. All exposure groups exhibited a

significant increase in atretic oocytes (p = 0.0004).

Initial Evaluation of the rTransgenerational Developmental Toxicity of Cadmium

The percentage of successful matings béfween Cd-exposed females and non-exposed
males was significantly decreased from control frogs (p = 0.02). In four experiments, 12 out of
22 (54.5 %) control animals mated successfully, 1/9 (11 %) at 0.5 mg Cd/Kg, 4/14 (28.6%) at
0.75 mg Cd énd 1.0 mg Cd/Kg, and 0/8 (0%) animals mated successfully at 3.0 mg Cd/Kg. The
results of the modified FETAX test on the progeny from females that did mate successfully are
shown in Table 3. Because the percentage of successful matings was extremely low at 0.5 mg
Cd/Kg (1 out of 9) and zero at 3.0 mg Cd/Kg statistical anal);sis of the mortaiity, malformations,
and growth was limited to the control, 0.75 mg Cd, and 1.0 mg Cd/Kg groups. Mortality and
malformations appeared to decrease with increasing Cd concentration. The Chi-square test
indicates that the probability of mortality is dependent on the level of exposure (X* = 252.1289, p
<0.001). The Bonferroni confidence interval procedure showed that the 0.75 mg Cd/Kg
exposure group is statistically different than the control group. The probability of malformations
also depended on the level of exposure (X?, = 44.4026, p <0.001), and once again the difference
lies between the control and 0.75 mg Cd/Kg exposure group. Statistical analysis of the head-to-
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tail length data revealed no significant difference between progeny from exposed females and
controls (p = 0.60).

In malformed progeny from control females, edema was observed most frequently
(66.7%), with gut malformation being the second most frequent malformation (40%). The most
common malformations in embryos from Cd-exposed females, including the 0.5 mg Cd/Kg
group, are shown in Figure 6. The highest incidence of malformations in the 0.75 and 1.0 mg
Cd/Kg groups was in the notochord (61.3 % and 61. 9%, respectively). Notochord malformatmns
mainly occurred at the proximal end, causing the body axis of the embryo to curve either
vertically or horizontally (Figure 7). Because the tails were malformed, embryos swam
abnormally, i.e. in circles, after 72 h. Embryos with and without notochord deformities from
females exposed at 0.75 mg Cd/Kg were allowed to grow past 92 h. All embryos with notochord
deformities died within 116 h postfertilization while the non-malformed embryos from the same
exposure group survived beyond 140 h.v Cadmium also increased the incidence of gut
malformations. In the 0.75 mg Cd /Kg group 38.7% of embryos and 57. 1 % of embryos from
the 1.0 mg Cd/Kg group exhibited loosely coiled guts (Figure 8). Eye deformities were also
observed which included misshapen lenses and,ébnormal eye placement. Other malformations

observed included misshapen and shortened heads and deformed mouths.

Ovarian and Embryo Cd Burdens

ICP-MS analysis was conducted to examine the Cd concentration in frog o{raries in both
stimulated and non—stimulated'ﬁogs. Table 4 shows the 6vary Cd concentrations in non-
stimulated and stimulated frogs and also the pe.rceritage of Cd injected that was accumulated by
the ovary. The Cd concentration in the ovaries of non-stimulated frogs was significantly |
different from control frogs at the 5.0 mg Cd/Kg exposure level (p = 0.004). In stimulated frogs,
there was a difference at the 0.5 fng and 3.0 mg Cd/Kg levels (p <0.0001). Cadmium
concentrations within the ovaries ranged from 2.29 to 15.08 ng/g wet. The percentage of Cd
injected that was accumulated by the ovary appeared to decrease with increasing Cd dosage.
Cadmium was readily detected by ICP-MS analysis in progeny of Cd-exposed females (Table
5). Statistical analysis of these prelirrﬁnary results indicated no significant difference in fertilized

egg or embryo Cd concentrations between control and exposed frogs. The data indicated that
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there was a greater concentration of Cd in embryos at 24 h than in fertilized eggs. The data
suggested that the embryo Cd concentration decreased over the length of the FETAX assay, -
based on measurements at 24, 48, 72, and 96 h (i.e. stages, 26, 37, 42,-and 46, respectively)
(Nieuwkoop and Faber, 1967). Although the decrease was not statistically significant (Chi
Square/Borferroni Test, p < 0.05) the small saﬁlple size caused the variances to be extremely

high.

Reproductive Toxicity Evaluation

Boric Acid

Female Assessment

Although some B accumulation was found in the livers of females (control = 43.2 + 17.2
ng B/Kg; 1,000 mg B/L treatment = 108.0 + 23.2 ng B/Kg) exposed to 1,000.0 mg B/L, no overt
pathology was noted. The effects of 30-d B exposure via culture water on female reproductive
endpoints are provided in Table 6. Results indicated that a significant reduction (Dunnett’s Test,
P < 0.05) in ovary weight occurred in specimens exposed to 500.0 mg B/L. General necrosis and
histopathology of the ovary was observed at 1,000.0 mg B/L. A significant reduction (Dunnett’s
Test, P < 0.05) in the total number of oocytes was found in females exposed to 500.0 mg B/L for
" 30 d via the culture water. Increased rates of oocyte necrosis were noted in the 50.0 mg B/L
treatment, with‘ increasing necrbsis occurring with increasing B concentration. Oocytes collected
from females exposed to 1,000.0 mg B/L were all necrotic. In addition, the proportion of oocytes
(> stage III) decreased in a concentration-dependant manner, with a significant effect (Dunnett’s
Test, P < 0.05) noted at 50 mg B/L.

Successful breeding responses as determined by amplexus occurred with each of the
females exposed to B concentrations ranging from 0.0 to 100.0 mg/L. Three of the four females
(75%) exposed to 500.0 mg B/L for 30 d via the culture media successfully bred. None of the
four females exposed to 1,000.0 mg B/L initiated breeding activity. Interestingly, no effect on -
fertilization rates was observed with females exposed to B concentrations ranging from 0.0 to
500.0 mg/L for 30 d in the culture media; however, a significant reduction (Dunnett’s Test, P <

0.05) in 96-h embryo viability was detected at both the 100.0 and 500.0 mg B/L treatments. |
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7 The effect of maternal B exposﬁre on early embryo-larval development is provided in
Table 7. Although no statistically significant (Dunnett’s Test, P < 0.05) increases in mortality
were deté'cted, a significant increasé (Dunnétt’s,Test, P <0.05)in abnbrmai development was
observed in fertilized embryos collected from females exposed to 100.0 and 500.0 mg B/L for 30
d and cultured in FETAX Solution for 4 d. Female exposure to 500.0 mg B/L for 30 d induced
abnormal development of the craniofacial region, gut, kinking of the notochord, and

microencephaly.

Male Assessment

- The effect of boric acid on male reproductive endpoints and reproductive performance is
presented in Table 6. As with the female X. laevis exposed to 1,000.0 mg B/L, some
accumulation of B was noted (control = 31.5 + 15.2 pg B/L; 1,000.0 mg B/L=136.3+294 g
B/L); however, no overt pathological effects were observed in the male specimens. Exposure to
50.0 mg B/L for 30 d significantly reduced (Dunnett’s Test, P <0.05) testis weight, although
overt pathology was only noted in males exposed to 1,000.0 mg B/L. The sperm count was
significantly reduced and the rate of sperm dysrhorphology increased at a concentration of 500.0
mg B/L. The rate of sperm dysmorphology in males exposed to 1,000.0 mg B/L for 30 d was
18.3 £ 1.2%. No effect on breeding response was noted except at 1,000.0 mg B/L, at which level
amplexus was not induced in any of the four males bred. In addition, no significant reduction

(Dunnett’s Test, P < 0.05) in fertilization rates or embryonic viability at 96 h was observed.

Cadmium
Female Assessment

Cd accumulation in the liver of females exposed to 10.0 mg Cd/L was appreciable
(control = <30.0 pg Cd/Kg; 10 mg Cd/L treatment = 192.3 £+ 38.6 pg Cd/L), and moderate
pathological effects, including decreased weight and discoloration, wefe noted; however, no liver
pathology was observed in animals exposed to concentrations <10.0 mg Cd/L. The effects
associated with 30-d Cd exposure via the culture water on female reproductive endpoints are
presented in Table 8. A significant (Dunnett’s Test, P < 0.05) reduction in ovary weight was

observed in females exposed to 5.0 mg Cd/L. Overt pathology was noted in ovaries examined
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from females exposed to either 5.0 mngd/L or, to a greater extent, 10.0 mg Cd/L. A significant
reduction (Dunnett’s Test, P < 0.05) in total oocytes was found at 2.5 mg Cd/L. A significant -
increase (Dunnett’s Test, P < 0.05) in the incidence of necrotic oocytés was observed in females
exposed to 1.0 mg Cd/L in the culture water for 30 d. All oocytes collected from females
exposed to > 5.0 mg Cd/L in the culture water for 30 d were necrotic. A decrease in the
proportion of > stage III oocytes was observed in females exposed to 1.0 mg Cd/L, but more
notably in females treated with 2.5 mg Cd/L.

Breeding response was not affected in females exposed to either 0.5 or 1.0 mg Cd/L for
30 d. Half of the females exposed to 2.5 mg Cd/L bred, while none of the females treated with
either 5.0 or 10.0 mg Cd/L bred with healthy untreated males. A significant reduction (Dunnett’s
Test, P < 0.05) in the fertilization rate was noted in oocytes collected from females exposed to
2;5 mg Cd/L for 30 d. A reduction in 96-h embryo-larval viability was obseﬁed in embryos
obtained from females exposed to 1.0 mg Cd/L for 30 d. A concentration-dependent decrease in
embryo-larval viability was observed, although no émbryos were available to evaluate the 5.0
and 10.0 mg Cd/L treatments. v

The specific effects of Cd exposure to aault female X. laevis on embryo-larval
development and teratogenesis are given in Table 9. The effects of maternal Cd exposure prior to
breeding were predominantly embryolethal; however, malformations induced in 4-d larvae from
females exposed to 2.5 mg Cd/L for 30 d prior to breeding included visceral edema, skeletal

kinking of the notochord, craniofacial defects, ruptured pigmented retina, and microencephaly.

Male Assessment 7

As with the females, Cd accumulation in the liver of males exposed to 10.0 mg Cd/L was
appreciable (control = <30.0 pg Cd/Kg; 10 mg Cd/L treatment = 139.5 £ 21.6 pg Cd/L), and
moderate pathological effects, including decreased weight and discoloration, were noted;
however, no liver pathology was observed in animals exposed to <10.0 mg Cd/L. The effects of
30-d Cd exposure via the culture water on selected male gametogenesis endpoints and
reproductive performance are provided in Table 8. A significant reduction (Dunnett’s Test, P <

0.05) in testis weight and sperm count was observed in males treated with 2.5 and 5.0 mg Cd/L,
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respectively. An increase in the proportion of abnormal sperm was detected in the 1.0 mg Cd/L
treatment. |

A slight reduction in breeding respohse (three of four pairs suécessfully bred) was noted
in males exposed to 2.5 mg Cd/L. No breeding response was observed in the 10.0 mg Cd/L
treatment. A reduction in fertilization rates was seen only in the 10.0 mg Cd/L treatment
(Dunnett’s Test, P < 0.05). A slight reduction in embryo-larval viability was noted in oocytes
fertilized by males treated with 1.0 — 5.0 mg Cd/L, whereas a marked decrease (Dunnett’s Test, P
< 0.05) in viability was noted in the 10.0 mg Cd/L treatment.

Ethylene Glycol Monomethyl Ether
Female Assessment

Although some accumulation of EGME (control = < 50 ng EGME/Kg; 5.0 pg EGME/L
treatment = 158.3 &+ 58.2 ug EGME/Kg) bwas noted in liver tissue from females exposed to 5.0
mg EGME/L and a slight increase in liver weight was noted, no pathology was detected. The
effects of 30-d EGME exposure via culture water on female reproductive endpoints are provided
in Table 10. Results indicated that a signiﬁcant.reduction (Dunnett’s Test, P < 0.05) in ovary
weight occurred in specimens exposed to 0.75 mg EGME/L. General necrosis and
histopathology of the ovary was observed at 1.0 mg EGME/L. A significant reduction
(Dunnett’s Test, P < 0.05) in the number of oocytes was found in females exposed to 0.5 mg
EGME/L for 30 d via the culture water. An increased rate of oocyte necrosis was noted in the
0.5 mg EGME/L treatment,v with increasing necrosis occurring with increasing EGME
concentration. Oocytes collected from females exposed to 5.0 mg EGME/L were all necrotic. In
addition, the proportion of oocytes (> stage III) decreased in a concentration-dependant manner,
with a significant effect (Dunnett’s Test, P <0.05) noted at 0.5 mg EGME/L.

Successful breeding responses as determined by amplexus occurred with each of the
females exposed to EGME concentrations ranging from 0.0 to 0.5 mg/L. Two of the four
females (50%) exposed to either 0.75 or 1.0 mg EGME/L for 30 d via the culture media
successfully amplexed. None of the four females exposed to 5.0 mg EGME/L initiated breeding
activity. No effect on fertilization rates was observed with females exposed to EGME

concentrations ranging from 0.0 to 0.5 mg/L for 30 d in the culture media; however, a significant
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reduction (Dunnett’s Test, P < 0.05) in fertilization rates was found in the 0.75 mg EGME/L
treatment. A significant reduction (Dunnett’s Test, P <0.05) in 96-h embryo viability was

| detected at 0.5 mg EGME/L. Embryos from females treated with > 7.5 EGME/L were
completely inviable.

The effect of maternal EGME exposure on early embryo-larval development is provided
in Table 11. A statistically significant (Dunnett’s Test, P < 0.05) increase in embryolethality |
was detected in 0.75 mg EGME treatment. In addition, a significant increase (Dunnett’s Test, P
< 0.05) in abnormal development was observed in fertilized embryos collected from females
exposed to 0.5 mg EGME/L for 30 d and cultured in FETAX Solution for 4 d. Maternal

- exposure to %1 .0 mg EGME/L for 30 d induced mal-development of the gut, pericardial edema,

mal-development of the aorta, notochord kinking, hydfoencephaly, and hemorrhage.

Male Assessment

Unlike females exposed to 5.0 mg EGME/L, males exposed to this concentration for 30 d
more significantly accumulated EGME (control = <50 ug EGME/Kg; 5.0 mg EGME/L treatment
=304.9 + 72.3 pg EGME/Kg) and exhibited ‘signriliﬁcant liver necrosis, characterized by zonal
necrosis. No adverse effects on the liver were noted in concentrations < 2.5 mg EGME/L. The
effect of EGME on male reproductive endpoints and reproductive performance is presented in
Table 10. Exposure to 0.5 mg EGME/L for 30 d significantly reduced (Dunnett’s Test, P < 0.05)
testis weight, although overt pathology was only noted in males exposed to 1.0 mg EGME/L.
The sperm count was significantly reduced ahd the rate of spenh dysmorphology increased
(Dunnett’s Test, P < 0.05 for both) at concentrations of 0.5 and 0.75 mg EGME/L, respectively.
The rate of sperm dysmorphology in males exposed to 5.0 mg EGME/L for 30 d was 100.0 +
0.0%. No effect on breeding response was noted in treatments ranging from 0.0 to 0.5 mg
EGME/L. At 5.0 mg EGME/L ampiexus was not induced in any of the four males bred. In
addition, a significant reduction (Dunnett’s Test, P < 0.05) in fertilization rates and embryonic

viability at 96 h were observed in the 1.0 mg EGME/L treatment.
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In Vitro Oocyte Maturation (GVBD)

In an effort to determine if the increased proportion of immature oocytes found in toxicant-
exposed females was the result of the lack bf hormonal stimulation or.the ihability to be
stimulated to mature, normal-appearing stage VI oocytes were removed from four females within
the 100.0 mg B/L, 1.0 mg Cd/L, and 0.5 mg EGME/L treatments and co-cultured with 1 pM
progesterone. Results from these studies are given in Table 12. The majority of stage VI
oocytes from the control females successfully completed GVBD when cultured with 1 pM -
progesterone; however, a sigﬂﬁcént proportion (Dunnett’s Test, P < 0.05) of the stage VI
oocytes from the EGME-treated group did not undergo GVBD, indicating that they were not
progesterone responsive. Cd or B-treated females Were similarly responsive to progesterone as

to control oocytes in terms of successfully completing GVBD.
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RESEARCH ACCOMPLISHMENTS

Schedule - Accomplishments

1Q99 Completed study of i.p., S.c., oral (feed), and dermal routes with Cd and
boric acid

1Q99 Selected endpoints-for female and male

2Q99 Preliminary SOP developed for males and females

2Q99 Preparing for validation efforts; compounds selected (Cd) (performed in J.
Bantle’s laboratory)

2Q99 Compléted following validation tests using cadmium, boric acid and
EGME

1Q00 Prepared manuscript reviewed by USACHER and submitted to J. Appl.

Toxicol. (currently in press)

2Q00 - Final report submitted to USACHER
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REPORTABLE OUTCOMES

Schedule Non-publication Work Products
2Q99 Development of SOPs for use in finalizing standard protocols
2Q99 Completed and included in SOPs for reproductive studies in X. laevis
Manuscripts, Abstracts, Presentations
Manuscripts

1Q99 The Effect of Subcutaneously Injected Cadmium on Oogenesis and
Progeny in Xenopus laevis: Applications for the Development of a
Reproductive Toxicity Assay. Laila A. Lienesch, John A. Bantle and
James N. Dumont. Chemosphere, in press.

1Q00 Douglas J. Fort, Enos L. Stover, John A. Bantle, James N. Dumont and
Robert A. Finch. J. Appl. Toxicol. Evaluation of a Reproductive Toxicity
Assay Using Xenopus laevis: Boric Acid, Cadmium, and Ethylene Glycol
Monomethyl Ether. In press.

Abstracts and Presentations

4Q99 Environmental Significance of Thyroid Disruption in Amphibians:
Applications of the Xenopus Tail Resorption Assay. Douglas J. Fort, Enos
L. Stover and James G. Burkhart. Soc. Environ. Toxicol. and Chem., 1999.

4Q00 Effect of Citral and Phytolic Acid on Amphibian Development. D.J. Fort,
R.L. Rogers, E.L. Stover, M.F. Miller, R. Paul, L.M. Morgan, J.A. White,
P. Clark and J.G: Burkhart. Soc: Environ. Toxi¢ol. and Chem., 2000.

Degrees Obtained

2Q00 L. Lien, M.S. degree conferred

2Q00 M.F. Miller, M.S. candidate

2Q00 R.R. Paul, M.S. candidate

Funding
3Q00 Oklahoma Center for the Advancement of Science and Technology

proposal
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CONCLUSIONS

Route of Administration and Establishment of Endpoints

Preliminary results suggest that the fnost effective routes of exposure are parenteral.
Although toxicant accumulation occurred, exposure via the culture water and per os
administration delivered markedly less test substance to the gonads. These results are not
necessarily unexpected because the majority of cadmium consumed via enteral routes will be
cleared from the body and, thus, not be absorbed into gonadal tissue. Dermal administration of
test substances is simply less effective in delivery than the direct parenteral routes due to
additional barriers restricting absorption. Results from these studies also indicated that we can
expect differences in accumulation based on sex and the toxicant being studied. |

An additional consideration is the relevance of each route of exposure. Per os
administration or exposure via culture water represents a more reasonable exposure route than
parenteral administration in the environment. Feeding studies, however, require longer periods
of exposure time and are more difficult to contrsl in terms of external variables. Injection into
the lymph sac is technically more simplistic and can be accomplished over a shorter period of
time. Although it is not necessarily relevant as an environmental exposure route, it is a
commonly used route in toxicological studies. Therefore, though all studies are not Yet
complete, it would appear that if environmental realism is not a concerh, parenteral
administration should be considered the primary means of toxicant administration. In
circumstances where environmental realism is an issue, oral or culture water administration
should be used.

Overall, our study found that the.stages of oogenesis are a sensitive and relative endpoint
ina reproductive toxicity assay. Dumont (1972) correlated the stages of oocyte development in
X. laevis with the related physiological and biochemical data. By examinihg thousands of
oocytes at each developmental stage Dumont (1972) determined the percentage of oocytes at
each stage of oogenesis in non-stimulated frogs. The oogenesis data with control non-stimulated

frogs in the present study are consistent with these findings.
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At the onset of this study, female X. laevis were exposed to Cd immediately foilowing the
acclimation period. These animals/experiments are referred to as non-stimulated. Dumont -
(1972) suggested that oocytes from non-stifnﬁlated frogs were not as rheta‘t;olically active as
those from females stimulated with hCG. Our results indicate that the effect of Cd upon
oogenesis is more severe in hCG-stimulated frogs. When hCG is administered to female X.
laevis, they ’ovulate most of their mature oocytes and begin a period of vitellogenesis (Dumont,
1972). Therefore, hCG promotes an increase in protein incorporation (Wallace et al., 1970).
Keem et al. (1979) measured the growth rate of oocytes in laboratory-maintainedX laevis. They
noted that even when all environmental conditions were controlled, there still existed a large
variability in the patterns of oocyte growth betwéen non-stimulated and hCG-stimulated frogs. It
took 16-24 weeks for oocytes from non-stimulated frogs to progress from stage III to stage VI,
while in hCG-stimulated frogs the time period for the same growth was 9-12 weeks. The
greatest amount of oocyte growth occurred 20 to 42 d after hCG-stimulation (Keem et al., 1979).
In order to standardize reproductive status, decrease variability, and to achieve the greatest
uptake of Cd by the ovaries while keeping the length of the toxicity assay as short as possible, it
was decided that hCG-stimulated frogs would l';e used in the rest of the present study.
Furthermore, to target the critical growth phase, exposure to Cd was begun 20 d after hCG-
stimulation and the frogs were exposed for 21 d.

Ovaries from control frogs in the present study contained oocytes at all stages and most
oocytes appeared healthy. For example, stage IV - VI oocytes had distinct animal and vegetal
hemispheres and relatively few atretic oocytes were present. There was, however, a significant
increase in the population of atretic oocytes in Cd-exposed frogs. In both non-stimulated and
hCG-stimulated frogs, and at all concentrations of Cd tested, the ovaries contained a large
portion of atretic oocytes. The morphology of these oocytes was consistent with that described

by Dumont (1972). A high incidence of small, very darkly colored, spheres present only in the

" theca were common in the present study. Dumont (1972) categorized these as completely

' degenerated oocyte follicles containing densely packed pigment. In starvation studies with X.

laevis, Dumont (1972) noted that only oocytes containing yolk were susceptible to atresia.
Although no visibly degenerated stage II oocytes were found in this study, the population of

stage II oocytes was decreased at every concentration (Figures 1-4) and the population of atretic
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oocytes was significantly increased. VThis suggests that stage II oocytes either underwent étresia
or there was no recruitment from the population of stage I oocytes. It is probable that Cd
selectively removed oocytes from each stagé of oogenesis, including sfage fII, thereby increasing
the population of atretic oocytes. ,

The effects of Cd on oogenesis are much more apparent in hCG-stimulated frogs than
non-stimulated frogs. As discussed by Dumont (1972), it appears that the ovaries of hCG
stimulated frogs in the present study have a higher metabolic activity and thereby are more
actively involved in taking up Cd. Such a phenomenon also occurs when trypan blue is injected
into hCG-stimulated and non-stimulated frogs (Dumont, 1972). Trypan blue is actively taken up
by oocytes in hCG-stimulated frogs; however, the uptake is virtually nonexistent in non-
stimulated frogs. The overall metabolic activity of oocytes from non-stimulated frogs is
markedly diminished. Therefore, althbugh the morphology of oocytes is the same at the identical
stages in non-stimulated and hCG-stimulated frogs, there are submicroscopic cytological and
physiological differences (Dumont, 1972).

The interaction of cadmium and Vltellogemn synthesis has been the focus of many

studies. Sunderman et al. (1995b) have shown that Cd binds to the vitellogenin yolk protein

- lipovitellin 1 in X. laevis and could be a mechanism for reproductive toxicity of Cd following

environmental exposure. They hypothesized that Cd absorbed by the female could bind to
plasma vitellogenin in place of zinc (Zn), enter oocytes by endocytosis and become deposited in
the yolk platelets. Cd, when is bound to vitellogenin, also becomes incorporated in the oocytes
of Atlantic croakers (Micfopogom'a undulatus) (Ghosh and Thomas, 1995). Therefore, the
binding of Cd to vitellogenin could significantly increase and accumulation of the metal. Our
data indicate that Cd is incorporated into stage IV and V X. laevis oocytes, and atretic oocytes of
Cd-exposed females (results not shown). In further studies, we will compare the amount of Cd in
oocytes at various stages. | ' _

Watanabe et al. (1977) performéd chromosome analysis on dd/YF mice. The number of
females with abnormal oocytes increased in the Cd-treated groups in conjunction with an
increase in the number of oocytes exhibiting chromosome aberrations. They concluded that Cd
has the potential to be a mutagen in mammalian meiotic chi‘omosomes. Watanabe et al. (1977)

also exposed mice to Cd via a single s.c. injection of CdCl, and then examined the oocytes and
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ovaries. They found a significant decrease in the number of oocytes recovered with increasing
Cd concentration. We have shown that Cd caused a decrease in the oocyte population at most
stages of oogénesis and at most concentrations of Cd tested (Figures 1-4). 4Davidson (1976)
suggests that the X. laevis ovary contains a reserve of oocytes in stage II from which groups are
selected to undergo continued oogenesis. If this is true, then the decrease in the population of
stage II oocytes from Cd-exposed frogs results in a decrease in oocytesv in later stages and an
overall decline in fecundity. This may permanently affect the ability of the female to reproduce.

Although Cd caused a decrease in the oocyte population in most stages of oogenesis and
in most exposure groups, the population of stage V (non-stimulated frogs) and stage IV
(stimulated frogs) oocytes at some exposures was greater than in the controls. These findings
may be due to the variation in the nur;lber of oocytes present in any given stage prior to treatment
in captive female X. laevis (Dumont, 1972). Physiological changes caused by Cd at stage IV
could preclude further oocyte development to later stages. Interestingly, frogs exposed to Cd at a
dose of 3.0 mg/Kg did not breed (did not go into amplexus) and the percentage of frogs that bred
at lower exposure concentrations was very low. Examination of the ovaries of the Cd-exposed
frogs revealed that mature stage VI oocytes we;é present and, presumably, should have been
ovulated. Frogs whose ovaries contained few or no stage VI oocytes did have stage V oocytes.
Animals whose ovaries do not contain stage VI oocytes can still be induced to ovulate the most
mature (stage V) oocytes upon hCG stimulation (Dumont, 1972). Therefore, Cd exposure may
affect physiological or behavioral aspects of ovulation and breeding.

In dd/YF mice, Watanabe et al. (1977) found that the ovary Cd concentration increased
relative to the dose. Additionally, the incidence of degenerated oocytes was higher in the treated
groups. In the present study the concentration of Cd in the ovaries of Cd-exposed frogs was not
positively correlated with dose. The ovaries of the lowest exposure group (0.5 mg/Kg) exhibited
a higher Cd concentration than the 0.75 and 1.0 mg/Kg exposure groups. Additionally, the
percentage of Cd that was accumulated by the ovaries decreased with increasing exposure
concentration. It is possible that at the higher concentrations the ovary became overloaded with
Cd, causing necrosis of the ovary and the subsequent inability to accumulate any» more toxicant.
Figure 6 shows the dramatic loss of cells at higher Cd concentrations and illustrates that cell loss

may well indicate why less Cd is present at high exposure doses. Alternatively, if vitellogenesis
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is the main mechanism by which the oocytes incorporate Cd and Cd inhibits vitellogenesis, then,
at the higher exposure groups, vitellogenesis was inhibited, causing a marked decrease in the -
uptake of Cd. Maternal transfer of toxicants to offspring has nUMerous biolbgical implications
such as toxicity to progeny and transgenerationai accumulation of contaminants (Standley et al.,
1994). Possible mechanisms of maternal transfer in oviparous animals include incorporation into -
the lii)ids forming the egg mass, passive diffusion into mature eggs and active transport via
vitellogenin. Some toxicants, such as organochlorines, are transferred from female to egg via
lipids in mayflies (Standley et al., 1994) and in lake trout (Miller and Amrhein, 1995). Sato et al.
(1996) found that transfer of Cd to eggs of legflorn chickené was restricted even when high
amounts of Cd accumulated in the maternal liver. Cadmium accumulated in higher

concentrations in the follicle walls rather than the follicle yolks.

Reproduction Assay Validation

Results from the present studies clearly demonstrate the reproductive and developmental
toxicity of boric acid, Cd, and EGME in X. laey‘z'.‘s.‘ Based on these studies, it appears that both
male and female gonads and gametogenesis were affected by the selected toxicants and that
accumulation of each toxicant occurred in varying levels in gonadal tissue. Results from these
studies indicate that boric acid is capable of affecting both male and female gametogenesis and
reproduction, but only at high concentrations (100.0 mg B/L/d for 30 d). Although effects on
gametogenesié and the gonads were observed in the 50.0-250.0 mg B/L/d for 30 d range, impact
on reproductive performance was not noted until a concentration of 1,000.0 mg B/L/d was
reached. In addition, a 20.8% reduction in sperm count was detected in males exposed to 50.0
mg B/L/d, although little effect on breeding response or success (fertilization and embryonic
viability) was noted. The fertilization rate of oocytes from females exposed to 500.0 mg B/L/d -
was not reduced; however, the 96-h viability of the fertilized oocytes was significantly lowered.
Malformations induced in progeny by maternal exposure to 500.0 mg B/L/d included gut mal-
development, craniofacial defécts, kinking of the notochord and microencephaly. Interestingly,
similar effects have been induced in normal-appearing X. laevis embryos from unexposed
mothers exposed to 500.0 mg B/L in the FETAX model (Fort et al., in press). These results

suggest that similar modes of action on the developing embryo are occurring, regardless of
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whether exposure is provided through the mother to the oocyte or directly to the developing

embryo following fertilization. The teratogenic effects noted in studies applying post-

fertilization exposure are significantly more dramatic in terms of the incidence of malformation
and the severity of effects (Bantle and Fort, in press).

Effects on the testis have been observed in both subchronic and chronic studies in rats
and mice exposed to B (Hubbard, 1998). After 14 d of treatment, doses of 93 mg B/Kg/d caused
a reduction in spermiation (Ku et al., 1993). Testicular atrophy, degeneration of seminiferous
tubules, reduced sperm count, and a reduction in fertility was observed in a three-generation
study of boric acid toxicity in rats at 58.5 mg B/Kg (Weir and Fisher, 1972). In male rats fed B
in the form of bdrax for either 30 or 60 d at 100.0 or 200.0 mg B/Kg/d (NOAEL, 50 mg B/Kg/d),
testis weight was reduced, testicular germ cells were depleted, selected testicular enzymes were
affected, and fertility was reduced (Lee et al., 1978). |

In a continuous breeding study of boric acid in mice, a dose-related effect on the testis
(testicular atrophy and effects on sperm, motility, morphology, and concentration) was noted;
fertility was partially reduced at 111 mg B/Kg/d, and totally reduced at 221 mg B/Kg/d (Fail et
al., 1'991). In rats, at non-maternally toxic dosé’s; there was a reduction in fetal body weight and
some skeletal anomalies (Povlsen et al., 1990). With the exception of shortened 13" rib, these

malformations had reversed by postnatal d 21 at 13.7 and 28.6 mg B/Kg/d in a study designed to

‘look at postnatal recovery (Price et al., 1996). At higher, maternally toxic doses, other

indications of developmental effects were observed, including resorptions and visceral
malformations; however, these may have been secondary to the maternal toxicity (Heindel et al.,
1992, and Price et al, 199 1'). In mice, the key developmental effects observed were similar to
those seen in rats, including reduction in fetal body weight at the mid-dose and an increase in
skeletal variations, malformations, and resorptions at the highest, more maternally toxic dose
(Price et al., 1991). |

In rabbits, developmental effects were seen only in the high dose, where the majority of
the embryos were resorbed and malformations were primarily visceral (major heart and/or great
vessel defects) (Price et al, 1991). Some skeletal variations and malformations were observed at
high doses, similar to rats (Bussi, 1995); however, these effects may have been secondary to the

maternal toxicity. A small, insignificant decrease in fetal body weight was also observed. The
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, NOAEL for both maternal and developmental toxicity in the rabbit was 21.8 mg B/Kg/d (Bussie,
1995).
| Similar to boric acid, but at much lower concentrations (2.5 mg/L/dj, Cd exposure to
female X, laevis for 30 d via the culture water appreciably affected ovary weight, total oocyte
counts, oocyte maturity and necrosis. Greater concentrations rendered all of the oocytes necrotic.
Reproductive effects in males were also observed at 2 2.5 mg Cd/L/d, including reduced testis
weight, decreased sperm count, and increased proportion 6f abnormal sperm cells. Effects on
breeding success, rate of fertilization, and 96-h embryo viability were substantially more marked
in treated females than in treated males. The effect of maternal Cd exposure on embryo-larval
development was primarily embryolethal, although terata, gut mal-developmerit, visceral edema,
skeletal kinking of the notochord, craniofacial abnormalities, ruptured pigmented retina, and
microencephaly were induced in the 2.5 mg/L/d treatment. |

Cadmium has been shown to accumulate in vertebrates, with slow elimination by the
kidneys (Vogiazis and Loumbourdis, 1997). A variety of mammalian models have examined the
reproductive toxicity of Cd to adults and fetuses (IARC, 1993). Reproductive tissues such as the
gonads and uterus readily accumulate Cd (Kost{él, 1986). Acute effects of Cd in mammals
include testicular necrosis, ovarian hemorrhaging, and delayed embryo ’implantation (Watanabe
etal., 1977, a_nd De et al., 1993). An examination of oogenesis in mice indicated an increase in
chromosomal anomalies in the ovulated oocytes and fewer oocytes ovulated, and showed an
increase in necrotic oocytes (De et al., 1993).

Reproductive endocrine function was disrupted in adult female Atlantic croaker
(Micropogonias undulatus) after Cd exposure (Thomas, 1990) and Cd altered vitellogenin
metabolism in flounder (Platichthys flesus) (Povlsen etal., 1990). In ‘Medaka, early stages of
development were the most sensitive and fertilized eggs accumulated most of the Cd in the
chorion (Michibata et al., 1987). Continuous exposure of rainbow (O. mykiss) and brown (S.
trutta) trout to Cd for 30-d did not affect the survival and growth of the adults, although eggs
from O. mykiss failed to develop to the fry stage at ca. 2 pg/L, while oogenesis in S. trutta was
delayed at ca. 9 pg/L. Pramoda and Saidapur (Pramoda and Saidapur, 1986) found that the
weight of ovaries and oviducts of CdCl,-exposed Indian bullfrogs (Rana tigerina) was decreased

and that the vitellogenic growth of oocytes was impaired.
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Teratogenic activity of Cd has also been demonstrated (Barr, 1973, and Webster, 1990).

Malformations induced in mammalian models included craniofacial and palate defects, eye

defects, hydroencephaly, and various limb ﬁlalfonnations (Padmanabhan and Hameed, 1990).
Interestingly, Weir et al. (1990) found that perfusing human placenta with low concentrations of
Cd caused a change in oxygen tension and markedly reduced glucose and amino acid utilization,
as well as reducing the synthes1s and release of hCG. Because gonadotropin activity in the frog
is responsible for ovulation and breeding, it is possible that these endocrine-disrupting effects are
responsible for the reproductive toxicity associated with Cd exposure in X. laevis.

In female X, laevis, EGME significantly reduced ovary and oviduct weight and increased
the rate of oocyte necrosis at a concentration of 0.5 mg/L. Decreased maturation of normal-
appearing oocytes was noted at an EGME concentration of 0.75 mg/L. Normal-appearing
oocytes collected from adults exposed to 1 or 5 mg/L EGME were either partially responsive or
completely unresponsive to progesterone, respectively, when cultured in vitro. Reduced testis
weight and atrophy were noted in males at 0.5 mg/L. Reduced sperm counts and increased
dysmorphogenesis rates were detected at 1.0 mg/L. Females exposed to 1.0 mg EGME/L/d for
30 d in the culture water had a much greater prc;i)ortion of immature oocytes in stages I and II
than control females, which had a greater proportion of mature oocytes in stages V and VI
(mature). ' |

Although the reproductive toxicity of EGME is not as well understood as for boric acid
and Cd, sufficient literature exists to classify EGME asa repfoductive toxicant and suspect
developmental toxicanf, depending on the dose and route of administration. EGME has been
shown to reduce fertility indices, reduce epididymis, prostate and seminal vesicle weights, and
increase the length of the estrous cycle in Swiss CD-1 mice (Chapin and Sloane, 1997). Nagano
et al. (1979) also reported that EGME induced testicular atrophy in mice. Characteristic
malformations induced in mammals by exposure to EGME include skeletal defects,
cardiovascular defects, vertebral anomalies, exencephaly, and limb (paw) defects (Nagano et al.,
1981). These defects were similar in type to the abnormalities induced in X. laevis larvae from
females exposed to EGME.

Co-culture of progesterone with stage VI oocytes in vitro induced successful GVBD from

control females, but not in the EGME-treated females. A significant reduction in the number of

32




stage VI oocytes that successfully completed GVBD following progesterone stimulation in vitro
from Cd-treated females was also observed when compared to the controls. Adult females
exposed to reproductively toxic levels of B had no appreciable effect on prégesterone-induced
GVBD in vitro. Interestingly, howevér, chronic B deficiency substantially reduced oocyte
progesterone responsiveness (Hausen and Riebesell, 1991).

In the present study, incomplete maturation of “normal appearing” EGME-treated
oocytes was marked by size and incomplete GVBD. Normal GVBD was observed in oocytes
from control females. Unlike the oocytes from control females, addition of progesterone in vitro
did not significantly stimulate GVBD in oocytes from EGME-treated females. The inability of
the oocytes which were “normal appearing” td mature in the presence of progesterone in vitfo
suggests that EGME or Cd may disrupt the maturation process at either the progesterone receptor
level, or possibly in the cascade of secondary and tertiary messenger events responsible for -
inducing the maturation of the oocyte.

Under natural conditions, gonadotropins released from the pituitary gland of female X.
laevis trigger ovulation and the egg laying response. Maturation of the oocyte is triggered by the
binding of progesterone produced by the follicl;, in response to gonadbtropin stimulation. The
progesterone receptor in the X. laevis oocyte is associated with the plasma membrane, rather than
existing as an intracellular receptor, which is common for steroid hormones (Eckberg, 1988;
Kishimoto, 1988; Smith, 1989;). The morphological effects associated with progesterone
binding include the breakdown of the germinal vesicle and formation of the maturation spindle.
A cascade of intracellular events associated with second messenger activity occurs shortly after
progesterone binding, marked by a transient increase in free Ca*?, decreased levels of cAMP and
adenylate cyclase activity, membrane depolarization, rise in intracellular pH, and increase in
protein synthesis and non-ribosomal protein phosphorolation immediately prior to germinal
vesicle breakdown.

A maturation-promoting factor (MPF) has been identified as the link between the
aforementioned events and progesterone binding (Kishimoto, 1988). MPF is formed from a pool
of pro-MPF immediately prior to germinal vesicle breakdown, but the protein responsible for this
activation process has yet to be identified. Purified MPF, however, has been shown to induce

normal maturation without signal transduction when injected into immature X laevis oocytes
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(Smith, 1989). Similar experiments to identify the responsiveness of the oocytes from the

‘ EGME-exposed fernales to purified MPF are currently being performed, along with an

evaluation of expression and structural integrity of the oocyte progestéronetreceptor. Preliminary
findings indicate that progesterone levels in the adult females exposed to either EGME (>1.0
mg/L/d) are similar to control animals, and that administration of human chorionic gonadotropin
(hCG) stimulates the ovulatory response and the production of progesterone. Thus, it is unlikely
that the effects induced on oocyte maturation by EGME are the result of decreased hormone
synthesis or effects on regulatory feedback loops, which are also being studied.

A greater proportion of previtellogenic oocytes was noted with exposure to high
concentrations of each toxicant, in which greater proportions of immature oocytes were found.
Since the process of vitellogenesis does not begin until the oocyte is ca. 400 pm (stage III), the
greater proportion of previtellogenic oocytes in the toxicant-treated females is most likely a
secondary effect of the inability of the oocytes to mature; howéver, the effect of these test
materials, particularly at lower concentrations, on the fecundity of the oocyte membrane
vitellogenin receptor responsible for binding vitellogenin and yolk platelet incorporation in the
oocyte will require further evaluation. ‘

Data regarding the potential effects of endocrine-disrupting contaminants (EDCs) on
reproductive function in amphibians are particularly lacking. On a larger scale, female
réproductive function in amphibians could be affected by EDCs at a number of target sites,
including the brain, pituitary, gonad, liver, and oviduct. Gonadal effects of EDCs have
considerable potential to impair the reproductidn of female amphibians and have been reported in
other lower vertebrate wildlife groups. Female juvenile alligators from pesticide-contaminated
Lake Apopka, Florida, exhibit a number of ovarian abnormalities, including polynuclear oocytes
and polyovular follicles (Guillette et al., 1994), suppressed synthesis of 17B-estradiol (E,), and
reduced aromatase activity in vitro (Crain et al., 1997, Guillette et al., 1995). Although these
organizational alterations in the structure and/or function of reproductive tissues may have the
greatest potential impact on the reproductive fitness of a population (Guillette et al, 1995),
activational effects of EDCs such as the modulation of endocrine signaling in the adult gonad
may also significantly impair reproduction. Polyaromatic hydrocarbons (PAHs) have been

shown to impair various aspects of ovarian function in adult fish. PAHs inhibited oocyte growth,
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caused increased follicular atresia, and prevented final oocyte maturation in the Atlantic croaker

(Thomas and Budiantara, 1995). Furthermore, the organochlorine compounds kepone and 0,p’-"
| DDD inhibited in vitro final maturation of Atlantic croaker oocytes, which is induced by the
steroid 17oc,20[3,21-trihydroxy-4-pregnen—3-ohe (20B-S) (Ghosh and Thomas, 1995). In light of
the current study, Pickford and Morris (1999) found that although a series of natural and
synthetic estrogens did not alter progestefone—induced oocyte maturation, the proestrogenic
pesticide methoxychlor was a surprisingly potent inhibitor of progesterone-induced oocyte
maturation. This inhibitory activity was specific to methoxychlor, rather than to estrogeﬁic
contaminants or its metaBolites, and was not antagonized by the estrogen receptor antagonist ICI
182,780, suggesting that this activity is not estrogenic. Further, the inhibitory activity of
methoxychlor was found to be dose dependent, réversible, and early acting.

Results from these studies demonstrate the importance of concurrently monitoring effects
on the reproductive drgans, gametogenesis, reproductive performance, and developmental
fitness. Although potentially toxic effects on the gonad or gametogenesis in males did not
necessarily translate to effects on either reproductive performance or developmental fitness,
adverse transgenerational effects of B and Cu déﬁciency in adult female X laevis have also been
detected in developing offspring (Fort et al., 1999). The present work demonstrated that
transgenerational effects of adult toxicant exposure can be monitored with the X. laevis
reproductive toxicity battery. These studies clearly demonstrate transgenerational effects
associated with adult X, laevis female exposure to Cd and EGME. These transgenerational
effects were also observed with female exposure to B, but not to the same extent as noted with
EGME and Cd. The X, laevis reproductive toxicity assay battery appears to be capable of
monitoring reproductive toxicity, providing potential connective and mechanistié information
concerning effects at the gonad or gamete level through embryo-larval development. The use of
the progesterone-responsiveness aSsay with immature oocytes may also provide links between
gamete production and endocrine disruption.

Studies examining maternal transfer of toxicants in amphibians have been limited.
Grillitsch and Chovanev (1995) performed a field study in which they measured the
concentrations of heavy metals and pesticides in anuran spawn, tadpoles, water, and sediment.

Spawn, as defined by the authors, are embryos at Gosner (1960) stage 15 + 2, (neurula). They
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found Cd, copper (Cu), lead (Pb) and zinc (Zn) residues in spawn and tadpole samples of Bufo

bufo, Rana dalmatina, and Rana ridibunda at higher levels that sediment concentrations.

Although maternal transfer could be a source of metal contamination in spaWn, the possibility of

water related metal contamination should not be discounted.

36




REFERENCES

American Society for Testing and Materials. ASTM Standard Guide for Conducting the
Frog Embryo Teratogenesis Assay - Xenopus (FETAX), E1439-91. Philadelphia (1991).
Bantle JA and Fort DJ et al. Phase III ihterlaBoratory study of FETAX: Part 3 FETAX
vélidation using twelve compounds with and without an exogénous metabolic activation
system. J. Appl. Toxicol. In press.

Bantle JA, Dumont JN, Finch RA, Linder GL and Fort DJ. Atlas of Abnormalities, A
Guide for the Performance of FETAX, Second Edition. Oklahoma State University Press,
Stillwater, OK (1998).

Bantle JA, Sabourin TD, Standard guide for conducting the Frog Embryo Teratogenesis
Assay Xenopus (FETAX). ASTM E1489j. ASTM, Philadelphia, PA. (1991).

Barr M. The teratogenicity of cadmium chloride in two stocks of Wistar rats. Teratology.
1973, 7:237-242.

Boockfor FR, Blaké CA. Chronic administration of 4-tert-octylphenol to adult male rates
causes shrinkage of the testes and male accessory organs, disrupts spermatogenesis, and
increases the incidence of sperm deformities. Biology of Reproduction. 1997; 57:267-277.
Bussi R. Sodium perborate tetrahydrate: Teratogenesis study in rats by oral route. RBM
SpA, Torino, Italy. Unpublished report to Conseil Eufopean de I’Industrie Chimique

(CEFIC) (1995).

37




10.

11.

12.

- 13.

14.

15.

16.

Chapin RE and Sloane RA. Reproductive assessment by continuous breeding: Evolving

study design and summaries of eighty-eight studies. Environ. Health Perspect. 1997;105 ‘
(Suppl 1):199-205.

Cicirelli MT, Smith DL. Cyclic ANW level during the maturation of Xenopus oocytes.
Developmental Biology. 1985;108:254-258.

Crain DA, Guillette LJ, Rooney AA and Pickford DB. Alterations in steroidogenesis in
alligators (Alﬁgatof mississippiensis) exposed naturally and experimentally to
environmental contaminants. Environ. Health Perspect. 1997;105: 528-533.

Davidson EH. Gene Activation in Early Development. New York:Acadernic Press. 1976.
Dawson DA and Bantle JA. Development of a reconstituted water medium and initial
validation of FETAX. J. Appl. Toxicol. 19877, 237-244.

Dawson DA, Fort DJ, Smith GL, Newell DL and Bantle JA. Comparative evaluation of fhe
developmental toxicity of nicotine and cotinine with FETAX. Teratogen. Carcinogen.
Mutagen. 1988;8, 329-388.

Dawson DA, Stebler EF, Burks SL, Bantle JA. Evaluation of the aévelopmental toxicity of
metal Contaminated sediments using short-term fathead minnow and frog embryo-larval
assays. Environ. Toxicol. Chem. 1988;7:27-34.

De SK, Paria BC, Dey SK, Andrews GK. Stage-specific effects of cadmium on
preimplantation embryo development and implantation in the mouse. Toxicology.
1993;80:13-25.

Domingo JL. Reproductive and developmental toxicity of aluminum: a review.

Neurotoxicology and Teratology. 1995;17:515-521.

38




17.

18.

19.

20.

21.

22.

24.

Dumont JN, Oogenesis in Xenopus laevis (Daudin). I. Stages of oocyte development in
laboratory maintained animals. J. Morphol. 1972;136: 153-180.

Dumont JN, Schultz TW, Buchanan M and Kai G, Frog embryo teratogenesis assay:
Xenopus - a short-term assay applicable to complex mixtures. In Symposium on the
Application of Short-Term Bioassays in the Analysis of Complex Environmental Mixtures
[1, Waters MD, Sandhu SS, Lewtas J, Claxton L, Chernoff N and Nesnow S (eds). New
York: Plenum Press. 1983;393-405.

Dumont JN. Qogenesis in Xenopus laevis (Daudin). I. Stages of oocyte development in
laboratory maintained animals. Journal of Morphology. 1972;136:153-180.

Eckberg WR, Intracellular signal transduction and amplification mechanisms in the
regulation of oocyte maturation. Biol. Bull. 1988;174:95-108.

Eisenmann CJ, Miller RK. The placental transfer and toxicity of selenite relative to

cadmium in the human term perfused placenta. Placenta. 1994;15:883-895.

Fail PA, George JD, Seely JC, Grizzle TB and Heindel J J. Reproductive toxicity of boric

acid in Swiss (CD-1) mice: Assessment using the continuous breeding protocol. Fundam.
Appl. Toxicol. 1991;17:225-239.

Fort DJ and Bantle JA, Use of Frog Embryo Teratogenesis Assay - Xenopus (FETAX) and
an exogenous metabolic activation system to evaluate the developmental toxicity of
diphenylhydantoin. Fund. Appl. Toxicol. 1990;14:720-733.

Fort DJ, Dawson DA, Bantle JA. Evaluation of the development of a metabolic activation
system for the forg embryo teratogenesis assay: Xenopus (FETAX). Teratogen.

Carcinogen. Mutagen. 1988;8:251-263.

39




25.

26.

27.

28.

29.

30.

31.

32.

33.

Fort DJ, James BL and Bantle JA, Evaluation of the developmental toxicity of five
compounds with the frog embryo teratogenesis assay: Xenopus (FETAX). J. Appl.
Toxicol. 19v89;9:377-389. |

Fort DJ, Stover EL, Strong PL, Murray FJ and Keen CL, Chronic feeding of a low boron
diet results in adverse reproductive and developmental effects in Xenopus laevis. J.
Nutrition. 1999;129(11):2055-2060.

Ghosh P, Thomas P. Binding of metals to Red Drum vitellogenin and incorporation into
oocytes. Marine Enviromhental Research. 1995;39:165-168.

Ghosh S and Thomas P, Antégonistic effects of xenobiotics on steroid-induced final
maturation of Atlantic croaker oocytes in vitro. Marine Environ. Res. 1995;39:159-163.
Gilbert SF and Raunio AM. Embryology: Constructipg the Organism. Sunderland,
Mass:Sinauer Assoc., Inc. Publishers. 1997.

Gosner KL. A simplified table for stagin anuran embryos and larvae with notes on -
identification. Herbetolo gica. 1960;16:183-190.

Grillitsch B, Chovanec A. Heavy metals and pesticides in anuran spawﬁ and tadpoles,
water and sediment. Toxicol Envir Chem. 1995;50:131-155. |

Guillette LJ, Crain DA, Rooney AA and Pickford DB, Organization versus activation: The
role of éndocrine-disrupting contaminants (EDCs) during embryonic development in
wildlife. Environ. Health Perspect. 1995;103(Suppl 7):157-164.

Guillette LJ, Gross TS, Masson GR, Matter JM, Percival HF and Woodward AR,
Developmental abnormalities of the gonad and abnormal sex hormone concentrations in
juvenile alligators from contaminated and control lakes in Florida. Environ. Health

Perspect. 1994;102:680-688.

40




35.

36.

37.

38.

39.

40.

41.

42.

43.

Hausen P and Riebesell M, The Early Development of Xenopus Laevis: An Atlas of the
Histology. Berlin: Springer-Verlag. (1991).

Heindel JJ, Price CJ, Field EA, Marr MC, Myers CB, and Morrissey RE et al.,
Developmental toxicity of boric acid in mice and rats. Fundam. Appl. Toxicol.
1992;18:266-272.

Hubbard SA, Comparative toxicology of borates. Biol. Trace Elem. Research.
1998;66:343-357.

IARC, IARC monographs on the evaluation of carcinogenic risks in humans. Vol 58,
Lyon, France. 1993;184-188.

Jarrell J, Mattison DR, McMahon A, Younglai EV. An evaluation of the serum FSH as a
biomarker for ovarian toxicity in the rat. Reprod Toxicol. 1988;2:111-115.

Kamrin MA, Carney EW, Chou K, Cumniings A, Dostal LA, Harris C, Henck JW, Loch-
Caruso R, Miller RK. Female reproductive and developmental toxicology: overview and
current approach-es. Toxicology Letters. 1994;74:99-119.

Keem K, Smith DL, Wallace RA, Wolf D. Growth rate of oocytes in laboratory-maintained
Xénopﬁs laevis. Gamete Research. 1979;2:125-135.

Kishimoto T, Regulation of metaphase by a maturation-promoting factor. Dev. Growth
Differ. 1988;30:105-115. |

Kostial K. Cadmium. In Trace Elements in Human and Animal, Underwood EJ (ed.).
Academic Press, Orlando. 1986;3 19-343.

Kramer V7], Miles-Richardson S, Pierens SL, Giesy JP. Reproductive‘impairr‘nent and
induction of alkaline-labile phosphate, a biomarker of estrogen exposure in fathead

minnows (PimeRhales i)romelas). Aquatic Toxicology. 1998;40:335-360.

41




44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ku WW, Chapin RE, Wine RN and Gladen BC, Testicular toxicity of boric acid (BA):
Relationship of dose to lesion development and recovery in the F344 rat. Reprod. Toxiéolz
1993;7:305-319.

Lee IP, Sherins RJ and Dixon RL, Evidence for induction of germinal aplasia in male rats
by environmental exposure to boron. Toxicol. Appl.»Pharrnacol. 1978;45:577-590.

Levin AA, Miller RK, di Sant'Agnese PA. Fetal toxicity of cadmium: matemal vs. fetal
injections. Teratology. 1980;22:105- 110.

Llobet JM, Colomina MT, Sirvent JJ, Domingo JL, Corbella J. Reproductlve toxicology of
aluminum in male mice. Fundam Appl Toxicol. 1995;25:45-51.

Lohiya NK. Effects of cadmium chloride on the testis and sex accessory glands of the
Indian Palm squirrel, Funambulus pennati (Wroughton). Acta Eur Fertil. 1976;7:257-265.
Majumder PK, Kumar VL. Inhibitory effects of formaldehyde on the reproductive system
of male rats. Indian J Physiol Pharmacol. 1995;39:80-82.

Mattison DR, Shiromizu K, Nightingdale MS. Oocyte destruction by polycyclic aromatic
hydrocarbons. Amer J of Ind Med. 1983;4:191-202.

Mattison DR, Thomford PJ. Mechanisms of action of reproductive toxicants. In: Working
PK, ed. Toxicology of the Male and Female Reproductive Systems. New
York:Hemisphere Publ. Corp. 1989;101-119.

Michibata H, Nojima Y, Kojima M. Stage sensitivity of eg-s of the teleost OEyzias latipes
to ID cadmium exposure. Environmental Research. 1987;42:321-327.

Miller MA, Amrhein JF. Matemal transfer of organochlorine compounds in Lake Superior
Siscowet (Salvelinus namavcush siscowet) to their eggs. Bull. Environ. Contam.

Toxicol. 1995;55:96-103.

42




54.

55.

56.

57.

58.

59.

60.

61.

62.

Mori K, Kaido M, Fujishiro K, Inoue N, Koide 0. Effects of megadoées of pyridoxine on
spermatogenesis and male reproductive organs in rats. Arch Toxicol. 1992 ;66:198-203.
Muller W. Developmental Biology New York:Springer; 1997.

Nagano K, Nakayama E, Koyano M,v Oobayashi H, Adachi H and Yamada T, Testicular
atrophy in mice induced by ethylene glycol mono alkyl ethers. Jpn.J. Ind. Health. |
1979;21:29-35.

Nagano K, Nakayama E, Oobayashi H, Yamada T, Adachi T, Ozawa H, Nakaichi M,
Okuda H, Minami K and Yamazaki K, Embryotoxic effects of ethylene glycol monomethyl
ether in mice. Toxicology. 1981;20:335-343.

Padmanabhan R and Hameed MS, Characteristics of the limb malformations induced by
maternal exposure to cadmium in the mouse. Reprod. Toxicol. '1990;4:291-304.

Paksy K, Rajczy K, Forgacs Z, Lazar P, Bernard A, Gati I, Kaali GS. Effect of cadmium
on morphology a'nd' steroidogenesis of cultured human ovarian granuloma cells. J Appl.
Toxicol. 1997;17:321-327.

Pant N, Prasad AK, Srivastava SC, Shankar R, Srivastava SP. Effect of oral administration
of carbofuran on male reproductive system of rat. Hum Exp Toxicol. 1995;14:889-894.
Pickford DB and Morris ID, Effects of endocrine-disrupting contaminants on amphibian
oogenesis: Methoxychlor inhibits pro gesterone-induce_d maturation of Xenopus laevis
oocytes in vitro. Environ. Health Perspect. 1999;107(4):285-292.

Povlsen AF, Korsgaard B and Bjerregaard P, The effect of cadmium on vitellogenin
metabolism in estradiol-induced flounder (Platichthys flesus [L.]) males and females.

Aquat. Toxicol. 1990;17:253-262.

43




63.

64.

65.

66.

67.

68.

69.

70.

71.

Pramoda S and Saidapur SK, Effect of cadmium chloride on the ovary of the frog Rana
tigerina. Curr. Sci. 1986;55:206-208.

Price CJ, Marr MC, Myers CB, Heindel JJ and Schwetz BA, Final report on the
developmental toxicity of boric acid (CAS No. 10043-35-3) in New Zealand white rabbits.
HIEHS/NTP Order No. PB92-129550 (1991).

Price CJ, Strong PL, Marr MC, Myers CB and Murray FJ, Developmental toxicity NOAEL
and postnatal recovery in rats fed boric acid during gestétion. Fundam. Appl. Toxicol.
1996;32:179-193.

Rice JM. Effects of prenatal exposure to chemical carcinogens and methods for their
détection. In: Kimmel CA, Bueike-Sam J, eds. Developmental Toxicology. New
York:Raven Press; 1981:191-212.

Sato E, Koide SS. Forskolin and mouse oocyte maturation in vitro. J. Exp Zool.
1984;230:125129.

Smith DL, Xu W, Vamold RL. Oogenesis and oocyte isolation. In: Kay BK, Peng HB,
eds. Methods in Cell Biology. New York:Academic Press. 1991:45-60.

Smith LD, The induction of oocyte maturation: Transmembrane signaling events and
regulation of the cell cycle. Development. 1989;107:685-699.

Standley LJ, Sweeney BW, Funk DH. Matemal transfer of Chlordanek and its metabolites
to the eggs of a stream mayfly Centroptilum traingulifer.Envir.Sci.Technol. 1994;28:2105-
2111.

Tayldr Smith DL. Induction of maturation in small Xenopus laevis oocytes.

Developmental Biology. 1987;121:111-1 18.

44




72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Thomas P and Budiantara L, Reproductive life history stages sensitive to oil and
naphthalene in Atlantic croaker. Marine Environ. Res. 1995;39:147-150.

Thomas P, Teleost model for studying the effects of chemicals on female reproductive
endocrine function. J. Exp. Zool. Supp. 1990;4,126-128.

Toth GP, Kelty KC, George EL, Read EJ, Smith MK. Adverse male reproductive effects
following subchronic exposure of rats to sodium dichloroacetate. Fundam Appl Toxicol.
1992;19:57-63.

Vogiazis AK and Loumbourdis NS, Uptake, tissue distribution .and depuration Q_f cadmium
(Cd) in the Frog Rana ridibunda. ‘Bull. Envir. Contam. Toxicol. 1997;59:770-776.
Wallace RA, Bergink EW. Amphibian vitellogenin:properties, hormonal regulation of
hepatic synthesis and ovarian uptake, and conversion to yolk proteins. Amer Zool.
1974;14:1159-1175. B

Wallace RA, Jared DW, Nelson BL. Protein incorporatioﬁ by isolated amphibian oocytes.
J. Exp. Zool. 1970;175:259-270.

Wallace RA, Jared DW, Nelson BL. Protein incorporation by isolated amphibian oocytes.
J. Exp. Zool. 1970;175:259-270. | |
Watanabe T, Shimadﬁ T and Endo A, Mutagenic effects of cadmium on the oocyte
chromosomes of mice. Jap. J. Hyg. 1977;32:472-481.

Watanabe T, Shimada T, Endo A. Mutagenic effects of bcadmium on the oocytc
chromosomes of mice.' Jap J Hygiene. 1977;32:472-481.

Webster W, The teratology and developmentai toxicity of cadmium. Issues Rev.

Teratology. 1990;5:255-282.

45




82.

84.

85.

Weir RJ and Fisher RS, Tokicological studies on borax and boric acid. Toxicol. Appl.
Pharmacol. 1972;23:351-364.

Wier P, Neller RK, Maulik D, di Sant'Agnese PA. Cadmium toxicity in the perfused
human placenfa. Toxicol. Appl. Phannacoi. 1990;105:156-171.

Wier PJ, Miller RK, Maulik D and DiSant’Agnes PA. Toxicity of cadmium in the perfused
human placenta. Toxocol. Appl. Pharm. 1990;105:156-171.

Zar JH. Biostatistical Analysis. New Jersey:Englewood Cliffs. 1984.

46




APPENDIX I:
TABLES

47




Table 1. Effect of Route of Exposure/Administration on Bdric Acid (B), |
Cadmium (Cd), or Ethylene Glycol Monomethyl Ether (EGME)
Accumulation in Xenopus Gonadal Tissue'

B’ cd’ EGME?
Route Testes Ovaries Testes Ovaries Testes “Ovaries
Control 320.0 94.6 <30.0° <30.0° <50.0° <50.0°
(52.3) . (19.6) (0.0) (0.0 (0.0). (0.0)
Culture Water 405.0 178.0 60.0 256.8 326.5 ’ 549.3
- (44.0) (76.9) (8.0) 3.0 (73.2) (31.5)
Food’ 633.2 1913 118.5 496.2 273.6 466.7
(52.2) - (31.3) 9.1) (230.0) (19.5) (43.2)
ip.t 580.6 309.2 3823.0 5851.7 - 13742 1217.6
(60.2) (117.0) (306.0) (468.0) (99.8)  (100.2)
s.c.t 792.0 451.2 4530.0 6461.7 2463.5 2991.4

(79.4) (90.2) (270.0) (517.0) (117.3) (129.5)

' Total B (ICP-MS), Cd (AAS-GF), and EGME (GC-MS). N = 4 frogs per dose regimen/toxicant.

2 Expressed as .g/Kg with SE in parenthesis.

3 Practical Quantitation Limit (detection limit * dilution factor).

4100 mg B/L, 2.5 mg Cd/L, or 1.0 mg EGME/L exposure prov1ded via culture water (FETAX Solutlon) 48-h
renewal for 30 days.

 Administered via B-, Cd-, or EGME-enriched liver. Total B admmlstered =10 mg/Kg/day for 30 days. Total Cd
administered = 2.5 mg/Kg/day. Total EGME administered = 1.0 mg/Kg/day.

6 100 mg B/Kg/day, 2.5 mg Cd/Kg/day, or 1.0 mg EGME/Kg/day administered daily for 5 days.
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Table 2. Effect of Maternal Cadmium Exposure on Organ:Body Weight
Ratios In Non-Stimulated and Stimulated Frogs'

Exposure Group Liver Spleen Ovary
mg/Kg (2 (2 (2)
Non-stimulated Control 0.042 0.001 0.134
frogs ' (0.150) (0.001) (0.033)
0.5 0.044 0.003? 0.152
(0.010) (0.001) (0.025)
3.0 10.045 0.0072 0.131
(0.005) (0.015) (0.027)
5.0 0.041 0.001 " 0.139
(0.007) (0.000) (0.030)
Stimulated Control _ 0.034 0.001 0.015
Frogs | ~(0.005) (0.001) (0.028)
.05 0.109 0.003 0.077
| . (0.151) (0.002) (0.032)
0.75 0.042 0.001 0.109
(0.005) (0.001) (0.055)
1.0 0.040 0.003 0.143
~ (0.008) (0.004) (0.061)
3.0 0.0449 0.003 0.086
(0.013) (0.002) (0.040)

' Represents mean value with standard error in parenthesis.
2 Indicated significant difference from the control (Dunnett’s Test, p <0.0001).
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Table 3. Results of Modified Toxicity Testing in Progeny of Cadmium-
Exposed Maternal Xenopus laevis

Exposure
Group Embryo
(mg/Kg) Mortality’ Malformation’ Length®
Control 8.8 1.63 9.18
11) (11) (0.04)
(2044)
0.50 50.0 59.3 8.01
1) ) ' ~ (0.04)
(15)
0.75 40.6° 8.91° 8.50
4) 4) (0.07)
i (404)
1.00 13.5 3.52 8.96
“4) “) (0.08)
(597)

! Expressed as % with n value in parenthesis. Frogs exposed at 3.0 mg/Kg did not breed.
2 Expressed as mean = standard error with n value in parenthesis.
3 Significantly different from control group (Chi Square/Bonferonni Test, p < 0.05).
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Table 4. Total Cadmium Concentration in the Ovary Tissue of Non-Stimulated
and Stimulated Frogs and the Precent Accumulated by the Ovary, Relative to
the Total Quantity Injected

Exposure
Group ‘ %
(mg/Kg) N Cd Concentration' Accumulation’
Non-stimulated Control 7 0.06 . -—
Frogs
(0.11) )
0.5 6 | 0.65 3.11
(0.29) (1.65)
5 . 6 1.53° 0.74
(0.29) (0.21)
Stimulated Control 3 0.07 -
Frogs ’
(0.06) )
0.5 8 = 9.18° 22.21
(2.93) (7.21)
0.75 6 5.02 10.10
(2.66) (5.14)
1.00 8 6.40 9.13
(3.09) ‘ (3.13)
3.00 14 9.23° 5.79
(3.14) 2.17)

! Expressed as mean pg/g weight with standard error in parenthesis.

2 Calculation of % Cd injected that was accumulated by overy:ovary wt. (g) * ovary Cd concentration (ug/g ovary)
= total Cd content in ovary (ug) total Cd in ovary/amt Cd injected (ug) ¥ 100 = % Cd injected that ovary
accumulated. Standard error in parenthesis.

3 Significantly different from control group (Chi Square/Bonferonni Test, p < 0/05).
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Table 5. Cadmium Concentration in Fertilized Eggs and Embryos of |
Stimulated Frogs Collected From Maternal Adults Treated With Cadmium'’

Exposure
Group Fertilized
(mg/Kg) ‘Eggs 24 h 48h 72 h 96 h
Control 0.057 0.467 0.365 0.126 0.058
(0.035) (0.035) (0.127) (0.0350 (0.060)
0.75 0.543 0.929 0.879 1.866 0.089
i (0.670) ) (0.103 (2.411) (0)
| 1.00 0.505 0.722 - 1135 0.551 0.224
0.203) (0.417) (0.658) (0.523) (0.243)

! Expressed as pg/g wet weight with standard error in parenthesis.
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Table 12. Effect of Boric Acid, Cadmium, and Ethylene Glycol Monomethyl
Ether (EGME) Exposure on Progesterone Responsiveness
in X. laevis Oocytes'

Exposure Concentration’ Progesterone Responsive

Test Material (mg/L) (%)
Control 0.0 98.2
3.1

Boric Acid 100.0 92.8
(10.2)

Cadmium ' 1.0 : » 89.8
(15.8)

EGME . 0.5 23.5°
(11.5)

! Responsiveness indicated by maturation of normal-appearing stage VI oocytes to undergo germinal vessicle
breakdown over a 24-h period when cultured with 1 pM progesterone in vitro; n = 4 females per test material.
2 Expressed as total B, total Cd, and EGME.

3 Statistically less than the control (Dunnett’s Test, P > 0.05).
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APPENDIX II:
FIGURES
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FIGURES

LEGENDS

Figure 1. Effect of Maternal Cadmium Treatment on Xenopus Oocyte Development in Frogs Not
Stimulated with Human Chorionic Gonadotropin. Mean percentage of oocytes present at each
stage of oogenesis. Error bars indicate standard deviation. Number of frogs: Control, 7; 0.5 mg, 7;
3.0 mg, 7; 5.0 mg, 14.

Figure 2. Effect of Maternal Cadmium Treatment on Xenopus Oocyte Development in Frogs Not
Stimulated with Human Chorionic Gonadotropin. Mean number of oocytes present at each stage
of oogenesis. Error bars indicate standard deviation. Number of frogs: Control, 7; 0.5 mg, 7; 3.0
mg, 7; 5.0 mg, 14.

Figure 3. Effect of Maternal Cadmium Treatment on Xenopus Oocyte Development in Frogs Stimulated

~ with Human Chorionic Gonadotropin. Mean percentage of oocytes present at each stage of
oogenesis. Error bars indicate standard deviation. . Number of frogs: Control, 3; 0.5 mg, 7; 3.0
mg, 7; 5.0.mg, 14.
Figure 4. Effect of Maternal Cadmium Treatment on Xenopus Oocyte Development in Frogs Stimulated
- with Human Chorionic Gonadotropin. Mean number of oocytes present at each stage of oogenesis.
Error bars indicate standard deviation. Number of frogs: Control 3;0. 5 mg, 8; 0.75 mg, 6; 1.0 mg,
8; 5.0 mg, 14.

Figure 5. Effects of Maternal Cadmium Treatment on Frogs Not Stimulated with Human Chorionic
Gonadotropin. Oocytes from (A) control female in which stage II-VI oocytes are clearly visible,
(B) from females exposed at 0.5 mg/kg (noticeable change in morphology), (C) from female
exposed at 3.0 mg/kg (majority of oocytes are atretic and completely degenerated).

Figure 6. Percent Incidence of Malformations in Tadpoles after Maternal Exposure to Cd. There were
no facial malformations in the 0.5 mg treatment group.

Figure 7. Effects of Transgenerational Cadmium Exposure on Xenopus Embryo Development. The
adult frogs were stimulated with human chorionic gonadotropin prior to the start of exposure. After
the exposure period exposed females frogs were mated to control males and the resulting offspring
were cultured in FETAX solution for four days. (A) Stage 46 tadpole from control female. (B) and
(C) Stage 46 tadpoles from stimulated female exposed to 0.75 mg/kg cadmium.

Figure 8. Effects of Transgenerational Cadmium Exposure on Xenopus Embryo Development. The
adult frogs were stimulated with human chorionic gonadotropin prior to the start of exposure. After
the exposure period exposed females frogs were mated to control males and the resulting offspring
were cultured in FETAX solution for four days. (A) Stage 46 tadpole from control female. (B)
Stage 46 tadpole from stimulated female exposed to 0.75 mg/kg cadmium.
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Figure 5 Oocytes trom control female (A). Stage IT oocytes appear opaque. stage [V-VI
oocytes have distinct animal (dark) and vegetal (light) hemisphere. (B) oocytes
from female exposed at 0.5 mg/kg. Morphology of vocytes is different from
controls. Numerous oocytes are speckled or mottled and viability is questionable.
(C) oocytes from female exposed at 3.0 mg/kg. Completely degenerated oocyte
follicles appear as darkly pigmented spheres.
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Figure 7. Notochord malformations. (A) embryo from control female. (B) and (C)
embryos from female exposed at 0.75 mg/kg.
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Figure 8. Gut malformations. (A) embryo from control female. (B) embryo
trom female exposed at 0.75 mg/kg.
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" Abstract

Cadmium (Cd), boric acid (B), and ethylene glycol monomethyl ether (EGME) were evaluated for
reproductive and developmental toxicity in X. laevis. Eight reprociuctively mature adult malé aﬁd eight
superovulated female X. laevis were exposed to at least five separate sublethal concentrations of each
méterial via the culfure water for a period of 30 d. Four‘ respective pairs were mated and the offspring
evaluated for developmental effects; an evaluation of reproductive status was performed on the
remaining four specimens. Ovary pathology, oocyte count, oocyte maturity and maturation capacity
(germinal vesicle breakdown [GVBj)]), §nd necrosis were évaluated in the female, while testis
pathology, sperm count, dysmorphology, and motility were studied in the male. Based on this
assessment, each test material e};erted repfoductive toxicity in X. laevis, but with vafying potencies.
Adult female exposure to Cd and EGME, particularly, and, to a lesser extent, B, resulted in
transgenerational toxicity to the developing progeny. Further, this model appears to bve a useful tool in

- the initial assessment and prioritization of potenfial reproductive toxicants for further testing.

Key words: Xenopus, reproductive toxicity assay, cadmium, boric acid, ethylene glycol monomethyl

ether, transgenerational toxicity

72




*" Introduction

Although the use of Xenopus laevis as a model system for evaluating reproducti\}e and deveiopmental
toxicity is currently being assessed by the Endocrine Disruptor Screening and Testing Advisdry .Council
(EDSTAC) as a Tier 2 test, staﬁdardized and validated methods of evaluating reproductive toxicity in
amphibians have not ye;c been fully developed. Because standard mammalian reproductive toxicity
models rely on either gonadal or post-fertilization effects, a toxicity model providing information on the |
effects of potential toxicants on reproductive performaﬁce, as well as gametogenesis, is warrénted.
Amphibians represent a suitable model for simultaneously monitoring reproductive performance and
gametogenesis. X. laevis also serves as an éxcellent model to evaluate early embryonic‘ development.'”
Collection of simultaneous information on the effects on gametogenesis and reproductive outcome not
only provides hazard assessment information, but also provides mechanistic clues concerning the modes
of action of rei)roductive toxicants.

Therefore, a reproductive toxicity assay‘battery was developed using X. laevis focusing on 1)
gametogenesis, 2) reproductive performance, and 3) efnbryonic development. In this report,

1420 and ethylene

development of this reproductive toxicity test battery with boric acid,*" cadmium,
glycol monomethyl ether,zl"23 three toxicants shown to possess varying degrees of reproductive toxicity
in mammals, is described. Prior to initiating reproductive toxicity studies, an evaluation of toxicanf
delivery was performed to determine which route was most éffective, as well as relevant.
Gametogenesis éndpoints monitored in the X laevis battery inchided ovary/testes pathology, oocyte and
sperm counts, oocyte maturity and maturation capacity (germinal vesicle breakdown [GVBD]), oocyte
ngcrosis gnd viability, and sperm dysmorphology. Breeding success (amplexus), fertilization, and 4-d

embryo-larval viability (mortality and teratogenesis) were also evaluated. Based on the present studies,

each of the three test materials displayed varying degrees of reproductive toxicity in the X laevis system.
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»*  Overall, these results suggest that this model will be a useful tool in the initial assessment and

prioritization of potential toxicants for further reproductive toxicity testing.
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Materials and Methods

Chemicals and Biochemicals

Boric acid (99%, expressed as borbn, B), cédmium chloride (>99%, ekpreséed as Cd), ethylene glycol
monomethyl ether (99%, expressed as EGME), and human choriénic gohadofropin (hCG) were obtained
from the Sigrria Chemical Company (St. Louis, MO). FETAX Solution salts were purchased from
Fisher Scientific (Houston, TX). All other reagents used were obtained from the Aldrich Chemical
Company (Milwaukee, WI). FETAX Solution (amphibianbulture media) Ac’onsisted of 625 mgn NaCl, >96
mg NaHCO,, 30 mg KCl, 15 mg CaCl,, 60 mg CaSO,#2H,0, and 75 mg MgSO, per liter of deionized

water.?+%

| Adult‘ Care and Culture

Fdr the route of exposure studies, one hundred and twenty adult X. laevis (60 female and 60 male,
Xenopus 1, Dexter, MI) were mainfained in groups of eight (by sex) ‘in polyethylene tubs and were fed |
ground beef liver ad libitum, as described previously.”*** Following 14 d of acclimation, four female
and four male frogs were administered either boric acid, Cd, or EGME as described in the following
sections. |

For the reproductive toxicity studies, 96 newly acquired aciult X laevis (48 fémale and 48 male,
Xenopus 1, Ann Arbor, MI) were obtained for evaluatidn with each test material. The adults were fed,

housed, and acclimated as described above.

Route of Administration Evaluation

In an effort to determine the most efficacious route of test material administration, eight adult X. laevis

(four male and four female) were administered either boric acid, CdCl,, or EGME via the culture water,
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food, or by i.p. or s.c. injections. Efficacy of the delivery method for the purposes of the present study
was determined not only by which route delivered the most toxicant to the reproductive organs, but also
by ease of administration and the environmental relevance of the route. For exposure via the culture

water, 100 mg B/L, 2.5 mg Cd/L, and 1.0 mg EGME/L were provided via the culture water (FETAX

~ Solution). Culture water was renewed every 48 h for a total exposure period of 30 d. Enteral toxicant

administration wes provided using B-, Cd- or EGME-enriched beef liver. The total B, Cd, or EGME

administered was 10 mg/Kg/day, 2.5 mg/Kg/day, or 1.0 mg/Kg/day, respectively, for 30 d. Lp. ors.c.
injections of 100 rﬁg B/Kg/day, 2.5 mg Cd/Kg/day, or 1.0 rhg EGME/Kg/day for five concurrent days
were performed. » For the s.c. route, the injection was made direetly inte the dorsal lymph sac. At the
conclusion of the administration studies and immediately prior to euthanasia, the frogs were weighed
and anes‘ehetized with 1% w/v 3-aminobenzoic acid, ethyl ester (MS-222). A 10% solution (w/v) of MS-
222 at a dose of 0.2 mL per 50 g of body weight was injected into the dorsal lymph sac ef the animal to
be eutﬁzmized.’*6 Gonadal and liver tissue from each specimen was collected and analyzed for each
respective test material. Livers were eol]ected for gross pathology to determine systemic toxicity of

each compound.

Reproductive Toxicity Evaluation

Female Assessment

Exposure, Sample Collection and Breeding

Healthy femaie frogs were superovulated and bred by injecting 750 IU of human chorionic gonadotropin
(hCG) into the dorsal lymph sac s.c.** Within 3-4 hours post injection, ovulation commenced. For
breeding,. females were paired with males injected with ~500 IU hCG s.c. Eacfl mating pair was placed
ina polyethylene breeding chamber and allowed to breed overnight. In order to ensure that each female

fully‘ discharged the majority of mature oocytes, each female was squeezed gently along the flanks at the
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anterior portion of the ovary with posterior movement down the oviduct so as to stfip the ovary of
oocytes not yet released. Each female was then placed into her respective treatment for 30 d, at which
time a thorough evaluation of reproductive status was performed. Four of the eight females were paired
with unexposed males to evaluate breeding response as previously deseribed. The females were
weighed and anesthetized with 1% w/v MS-222. The ovaries, oviducts and livers were surgically
remeved prior to euthanasia. A 10% solution (w/v) of MS-222 at a desage ievel of 0.2 mL per 50 g of
bedy weight was inj ected into the dorsal lymph sac of the anilnal to be euthanized; The weight of each

organ was determined, and the ovary and liver were further processed for pathological evaluation.

Gametogenesis

t,”® in which stages are based on

Oocyte staging was performed in accordance with the method of Dumon
maturity and numbered from I to VI, with I representing the most immature oocytes and VI representing
fully mature, banded oocytes. A thorough count of all oocytes was then performed. Once this |

information was collected, this process was repeated twice to verify the data collected. The number of

necrotic oocytes was also determined.

In Vitro Oocyte Maturation - GVBD Assay |
Ovanes were excised and placed in sterile, chilled Ca”/phenol red-free Hanks balanced salts solutlon
pH 7.6, and diluted to 230 milliosmoles (mOsm) with distilled water (Hanks 0) in accordance with the
methods of Pickford and Morris.2*? Ovarian tissue was then cut into strips, rinsed, and incubated
overnight at 4°C in Hanks O. Tissue was then digested for 75 min. in a 0.2% solution of collagenase D
in Hanks O until all of the follicle cell layer was removed from the oocytes. After sufficient digestion,
the oocytes were rinsed again in fresh Hanks O and transferred to a dispo'sable 100-mm Petri dish
containing modified defined nutrient oocyte medium (mDNOM, pH 7.6).28’29

Large, banded, pre-ovulatory stage VI oocytes were selected by hand using a sterile Pasteur

pipette under a dissecting mieroscope anddplated 20/well in sterile'36-well Pyrex glass culture plates in 2
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mL mDNOM. One uM progesterone was 'added and the plateé were incubated in a shaker at room
temperature (20-23°C) for 24 hr. The medium was then aSpifated and the oocytes were fixed in 5%
(w/v) trichloroacetic acid. Maturation was visible externélly asa whité ‘fRoux” spot that indicates where
the spindle has anchored to the plasma membrane at the animal pole of the oocyte. GVBD was veriﬁedr
by cracking open representaﬁvé samples from the fixed oocyte. The maturational response of 20
oocytes in each well was expressedv as the percentage exhibiting GVBD, and the mean maturational

response for each treatment combination represents a minimum of four replicate wells.

Male AsS_essment

Breeding and Sampie Collection

Following 30 d of exposure, four male adults were collected and used to bréed with respective femaies.

The remaining four adult males were also anesthetized at 30 d of exposure. At this time the testes aﬁd

liver were removed and the specimen euthanized. One tgstis was used exclusively for determining

sperm counts, whereaé the other, which was sectionéd rather than minced/homogenized, was used to

determine rates of dysmorphology énd for histopathological examination.® The frogs were anésthetized
' as described previousiy for fhe females. The testes were removed and ahy remaining fat was trimmed

from the testis. Each testis was weighed and the information recorded.

Sperm Count

~ For the total sperm count, saline-merthiolate-Triton (SMT) [1 mL/10 mg tissue] [0.9% (w/v) NaCl,
0.01% (w/v) merthiolate, 0.05% (v/v) Triton X-100] was used to maintain the tissues during
homogenization.®® Testes were placed in a clean scintillation vial with SMT, minced with scissors, and
homogenized (Powergen® 125, Fisher Scientific, Houston, TX) for two min. A sample was then placed
into a hemacytometer and the spermatids counted. At Jeast three chambers were counted for each

sample. If the totals were not within 10%, the samples were recounted..
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Dysmorphology Assessment

Dysmorphology was assessed by fixing the testis in 10% (w/v) formalin, pH =8.0. The preserved sperm
cells were then surveyed. The total number of abnormal sperm was couﬁted and the types of
abnonnalities recorded. Several testes were surveyed per testis to ensure that the rates fell within 10%

of one another. Sections were also evaluated for overt pathology.

Data Analysis

Reproductive status, including ovary and testis weights and pa\thology, total egg count, oocyte necrosis,
oocyte stage distribution, maturation capacity, sperm counts and sperm dysmorphology rates were
determined for each adult. Breeding success, fertilization rates, and embryonic Via;t)ility were also
determined. Comparisons of reproductive fitness evaluations were perfofmed using ANOVA (Dunnett’s

Test, P <0.05).

Chemical Analysis

B concentrations were measured in the biological samples using‘ inductively coupled piasma—mass
spectrometry (ICP-MS) analysis. Cd and EGME were deferr'nined by graphite furnace-atomic
absorption spectroscopy (AAS;GF) and mass selective gas chromatography (GC-MS), respectively.
Practical quantitation limits (method detectien limit * dilution factor) ‘for B, Cd, and EGME were 10.0

ng/Kg, 17.5 pg/Kg, and 50.0 pg/Kg, respectively, for the biological samples.
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Results

Route of Administration

Results from the route of administration studies are presented in Table 1. With each of the three test
materials, the parenteral routes, specifically s.c. injection into the dorsal lymph sac, was the most
effective in termé of the amount accumulated in the gonads. For each toxicant, however, Similar trends
of accumulation were observed in thé gonads via fhe enteral and parenteral routes. Because each
toxicant accumulated when adrhinisteréd via the culture water, exposure vié the culture water was
selected fof the feproductive toxicity evaluation since it representeci an environmentally realistic route of

exposure.

Reproductive Toxicity Evaluation

Boric Acid |

Female Assessment

Although some B accumulation was found in the livers of females (control = 43.2 + 17.2 pg B/Kg;
1,600 mg B/L treatment = 108.0 + 23.2 ug B/Kg) exposed to 1,000.0 mg B/L, ﬁo oveﬁ pathology was
noted. The ‘effects of30-d B exposure via culture water on female reproductive endpoints are provided
in Table 2. ‘Results indicated that a signiﬁcgnt reduction (Dunnett’s Test, P < 0.0’5) in ovary weight
occurred in spécimens exposed to 500.0 mg B/L. General necrosis and hist&pathology of the ovary was
observed at 1,000.0 mg B/L. A significant reductioﬁ (Dunnett’s Test, P < 0.05) in the total number of
oocytes was found in females exposed to 500.0 mg B/L for 30 d via thé cultufe Iwater. Increased rates of
oocyte necrosis were noted in the 50.0 nig B/L treatment, with increasing necrosis occurring with

increasing B concentration. Oocytes collected from females exposed to 1,000.0 mg B/L were all
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necrotic. In addition, the proportion of oocytes (> stage 3) decreased in a concentration-dependant
manner, with a significant effect (Dunnett’s Test, P < 0.05) noted at 50 mg B/L.

Successful breeding responses as determined by ainplexqs occurred with each of the females
exposed to B coﬁcentrations ranging from 0.0 to .100.0 mg/L. Three of the four femalés ‘(75%) exposed
to 500.0 mg B/L for 30 d via the culture media successfully bred. None of the four females exposed to
1,000.0 mg B/L initiated breeding aptivity. Interestingly, no effect on fertilization rates was observed
vﬁth females exposed to B concentrations ranging from 0.0 to 500.0 mg/L f;)r 30 d in the culture media;
however, a significant reduction (Dunnett’s Test, P < 0.05) in 96-h embryo viability was detected at both
the 100.0 and 500.0 mg B/L treatments. |

The effect of maternal B .exposuré on early embryo-larval development is provided in Table 3.
Although no statistically sigrﬁﬁcant (Dunnett’s Test, P <0.05) increases in mortality were detected, a
significant increase (Dunneﬂ’s Test, P <0.05) in abnormal developmént was observed in fertilized

“embryos collected from females exposed to 100.0 and 500.0 mg B/L for 30 d and cultured in FETAX
Soluﬁon for 4 d. Female exposure to 500.0 mg_ B/L for 30 d induced abnorrﬁal develop'ment of the

craniofacial re gidn, gut, kinking of the notochord, and microencephaly.

Male Assessment

The effect of boric acid on male reproductive endpoints and reproductive performance is presented in
Table 2. A_s with the female X. laevis exposed to 1,000.0 mg .B/L, somé aécumulatioh of B was noted
(control =31.5 £15.2 pg B/L; 1,000.0 mg B/L =136.3 +29.4 ug B/L); however, no overt pathological
effects were observed in the male specimens. Exposure to 50.0 mg B/L for 30 d significantly reduced
(Dunnett’s Test, P < 0.05) testis weight, although overt pathology was only noted in males exposed to
1,000.0 mg B/L. The sperm count was signiﬁcantly reduced and the rate of sperm dysnio?phology |
increased at a concentration of 500.0 mg B/L. The rate of sperm dysmorphology in males exposed to

1,000.0 mg B/L for 30 d was 18.3 = 1.2%. No effect on breeding response was noted except at 1,000.0
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mg B/L, at which level amplexus was not induced in any of the four males bred. In addition, no
significant reduction (Dunnett’s Test, P <0.05) in fertilizaﬁon rates or embryonic viability at 96-h was
observed. |
Cadmium
Fernale Assessment | |
Cd accumulation in the liver 6f females exposed to 10.0 mg Cd/L was npprecialr;le (control = <30.0 pé
Cd/Kg; 10 mg Cd/L treatment = 192.3 + 38.76‘ ng Cd‘/L),> and moderate pathological effects, including
decreased weight and discoloration, were noted; however, no liver pathology was observed in animals
exposed to concentrations <10.0 mg Cd/L. The effects associated with 30-d Cd exposure via the culture
Water on female reproductive endpoints are presented in Table 4. A signiﬁcant (Dunnett’s Test, P <
© 0.05) reduction in ovary weight was observed in females exposed to 5.0 mg Cd/L. Overt pathology was
noted in ovaries examined from females exposed to either 5.0 mg Cd/L or, to a greater extent, 10.0 mg
Cd/L. A significant reduction (Dunnett’s Test, P < 0.05) in tntal oocytes was found at 2.5 mg Cd/L. A
significant increase (Dunnett’s Test, P < 0.05) in the incidence of necrotic oocytes was observed in
females exposed to 1.0 mg Cd/L in the culture water for 30 d. All oocytes collecfed from females
exposed to 2 5.0 mg Cci/L in the culture water for 30 d were necrotic. A decrease in the proportion of > -
sfage III oocytes was observed in females exposed to 1.0 mg Cd/L, but more notably in females treated
with 2.5 mg Cd/L.

Breeding response was not affected in females §xposed to either 0.5 or 1.0 mg Cd/L for 30 d.
Half Qf the fernales exposed to 2.5 mg Cd/L bred, while none of the females treated with either 5'.0 or
10.0 -mg Cd/L bred with healthy untreated males. A significant reduction (Dunnett’s Test, P <0.05) in
the fertilization rate was noted in oothes collected from females exppsed t0 2.5 mg ‘Cd/L' for30d. A

“reduction in 96-h embryo-larval viability was observed in embryqs obtained from females exposed to
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1.0 mg Cd/L for 30 d. A concentration-dependent decrease in embryo-larval viability was observed,
although no embryos were available to evaluate the 5.0 and 10.0 mg Cd/L treatments.
The specific effects of Cd exposure to adult female X. laevis on efnbryo-larval development and

teratogenesis are given in Table 5. The effects of maternal Cd exposure prior to breeding were

 predominantly embryolethal; however, malformations induced in 4-d larvae from females exposed to 2.5

mg Cd/L for 30 d prior to breeding included visceral edema, skeletal kjnkiﬁg of the notochord,

craniofacial defects, ruptured pigmented retina, and microencephaly.

Male Assessment

As with the females, Cd accumulation in the liver of males exposed to 10.0 mg Cd/L was appreciable

~ (control =<30.0 pg Cd/Kg; 10 mg Cd/L treatment = 139.5 £ 21.6 pg Cd/L), and moderate pathological

effects, including decreased weight and disceleration, were noted; however, no liver pathology was |
observed in animals exposed to <10.0 mg Cd/L. The effects of 3 0-d Cd exposure via the cuiture water
on selected male gametogenesis endpoints and reproductive perfofmance are provided in Table 4. A
significant reduction (Dunnett’s Test, P <0.05) in testis weight and sperm count was observed in males
treated with 2.5 anei' 5.0 ’mg Cd/L, respectively. An increase in the proportion of abnormal sperm was
detected in the 1.0 mg Cd/L treatment.

A shght reduction in breedlng response (three of four palrs successfully bred) was noted in males
exposed to 2.5 mg Cd/L. No breedlng response was observed in the 10.0 mg Cd/L treatment. A
reduction in fertilization rates was seen only in the 10.0 mg Cd/L treatment (Dunnett’s Test, P < 0.05).
A slight reduction in embryQ-larval viabﬂity was noted in oocytes fertilized by males treated with 1.0 —

5.0 mg Cd/L, whereas a marked decrease (Dunnett’s Test, P < 0.05) in viability was noted in the 10.0 -

| mg Cd/L treatment.
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Ethylene Glycol Monomethyl Ether

Female Assessment

Although some accumulation of EGME (cqntrol =<50 pg EGME/Kg'? 5.0 Mg EGME/L treatment =
158.3 + 58.2 ng EGME/Kg) was noted in liver tissue from females eXposed to 5.0 mg EGME/L and a
slight increase in liver weight was noted, no patholégy was ;letected. The effects of 30-d EGME
exposure via culture water on female reproductive endpoints are provided in Table 6. Resﬁlts indicéted
that a significant reduction (Dunneﬁ’s Test, P <0.05) in ovary weight occurred in épecimens exposed to
0.75 mg EGME/L. General necrosis and hjst;)pathology of the ovary was observed at 1.0 mg EGME/L.
A significant reduction (Dunnett’s Test, P < 0.05) 1n the number of oocytes was found in femalgs
exposed to 0.5 mg EGME/L for 30 d via the culture water. An increased rate of oocyte necrosis was
noted in the 0.5 mg EGME/L treatment, with inéreasing necrosis occurring with increasing EGME
concentration. Oocytes collected from females exposed to 5.0 mg EGME/L were all necrotic. In
addition, the proportion of oocytes (> »stagg 3) decreased in a COncentration-dépendant manner, with a
significant effect (Dunnett’s Test, P < 0.05) noted at 0.5 mg EGME/L.

Successful breeding responses as determined by amplexus occurred with each of the females
exposed to EGME concentrations ranging from 0.0 to 0.5 mg/L. Two of the four females (50%)
exposed to either 0.75 or 1.0 mg EGME/L for 30 d via the culture media succ;:ssfu_lly amplexed. None
of the four females exposed to 5.0 mg EGME/L initiated breeding activity. No effect on fertilization
rafes was observed with femaies exposed to EGME conéentrations ranging from 0.0 to 0.5 mg/L fo4r 30d
in the culture media; hoWeyer, a significant reduction (Dunnett’s Test, P <0.05) in ‘fertilization rates wés
found in the 0.75 mg EGME/L treatment. A significant reduction (Dunnett’s Test, P <0.05) in 96-h -
embryo viability was detected at 0.5 mg EGME/L. Embryos from females freated with > 7.5 EGME/L

were completely inviable.
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‘The effect of maternal EGME exposure on early embryo-l.arval development is provided in Table
3. A statistically significant (Dunnett’s Test, P < 0.05) increase in embryolethality was detected in 0.75
mg EGME treatment. In addition, a significant iaerease (Dumeﬁ’s Test, P <0.05) in abnormal'.
deyelopment Was observed in feftilized‘ embryos collected from females exposed to 0.5 mg EGME/L for
30 d and cultured in FETAX Solﬁtion for 4 d. Maternal exposure to >1.0 mg EGME/L for 30 d induced
mal-development of the gut, pericardial edema, mal-develbpment of the aorta, notochord kinking,

hydroencephaly, and hemorrhage.

Male Ass'essment

Urﬂike females exposed to 5.0 mg EGME/L, males exposed to this concentration for 30 d more
significantly accumulated EGME (eontrol = <50 ng EGME/Kg; 5.0 mg EGME/L treatment = 304.9 £
723 pg EGME/Kg) and exhibited significant liver necrosis, characterized by zonal neerosis. No adverse
effects on the liver were noted in concentrationsb<2.5 mg EGME/L. The effect of EGME on male
reproductive endpoints and reproductive performance is presented in Table 7. bExposure t0 0.5 mg
EGME/L for 30 d significantly reduced (Dunnett’s Test, P < 0.05) testis Weight; aithough overt
pathology was only noted in males exposed to 1.0 mg EGME/L. The sperm count was éigniﬁcantly
reduced and the rate of sperm dysmorphology increased (Dmneﬁ’s Test, P < 0.05 for both) at
concentrations of 0.5 and 0.75 mg EGME/L, r_esbectively. The rate ef sperra dysmorphology in males
exposed to 5.0 mg EGME/L for 30 d was 100.0 + 0.0%. No effect on breeding response was noted in
treatments ranging from 0.0 to 0.5 mg EGME/L.V At 5.0 mg EGME/L amplexus was not induced in ahy
of the four males bred. Invaddition, a significant reduction (Dunnett’s Test, P < 0.05) in fertilization

rates and embryonic viability at 96-h were observed in the 1.0 mg EGME/L treatment.
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In Vitro Oocyte Maturation (GVBD)
In an effort to determine if the iﬁcreaéed proportion of immature oocytes found in toxicant-exposed
females was the result of the lack of hormonal sfimulation or the inability to be stimulated to mature,
‘normal-appearing stage VI oocytes Were removed frém four femaﬂes within the 100.0 mg B/L, 1.0 .mg
Cd/L, and 0.5 rrig EGME/L treatments and co-cultured with 1 pM progesterone. Results ffom these
studies are given in Table 8. Thé majority of stage VI oocytes from thé control females successfully
completed GVBD when cultured with 1 pM progesterone. However, a signiﬁcént proportion (Dunnett’s
Test, P < 0.05) of the stage VI oocytes from the EGME-treated»group did not undergo GVBD, indicating
that they Qvere not prog’esteroné résponsive. Cd or B-treated females were similarly responsive to

_progesterone as to control oocytes in terms of successfully completing GVBD.
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Discussion

Results ffom the present study clearly demonstrate the reproducfive and developmental toxicity of boric
acid, Cd, and EGME in X. laevis. Based on these studies, it appears that both male and femaie gonads
and gametogenesis We?é affected by the selected‘toxicants and that accumulation of each toxicant
occurred in varying levels in gonadal tissue. Results from these studies indicate that boric acid is
capable of affecting both male and femalel gametogenesis and reproduction, but only at high
concentrations (100.0 mg B/L/d for 30 d). Although effects on gametogenesis and the gonads were
observed in the 50.0-250.0 mg B/L/d for 30 d range, impact on reproductive pefformﬁpce was ﬁot noted
‘ ~until a cqncentratiori of 1,000.0 mg B/L/d was reached. In addition,\ a 20.8% reduction in sperm count
was detected in males exposed to 50.0 mg B/L/d, alfhough little effect on breeding response or success
(fertilization and embryonic viability) was notgd. The feftilizaﬁon raté of oocytes from females exposed
to 500.0 mg B/L/d was not reduced; however, the 96-h viability of the fertilized oocytes was
significantly lowered. Malformations induced 1n progeny by maternal exposure to 500.0‘ mg B/L/d

‘ included gut mé}-development, craniofacial defects, kipking of the notochord and microé.ncephaly.‘

- Interestingly, similar effects have been induced in nbfmal—appearing X. laevis embryos from unexposed
mothers exposed to 500.0 fng B/L in the FETAX model.*' These resﬁlts suggest that similar modes of
action on the developing embryo are occurring, regardléss of whether exposure is providéd tiarough the
mother to the oocyfe or directly to the developing embryo following fertilization. The teratogenic
effects noted in studies applying pbst—fertilization eprsure are significantly more dramatic in terms of
the incidence of malformation and the severity of effects.”

Effects on the testis have been bbserved in both subchronic and chronic studies in rats and mice
exposed to B.*? After 14 d of treatment, doses of 93 mg B/Kg/d caused a reduction in s'p'erAmiation.6
Testicular atrophy, degene'ration of seminiferous tubules, reduced sperm count, and a reduction in

fertility was observed in a three-generation study of boric acid toxicity in rats at 58.5 mg B/kg.” In male
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»» rats fed borax for either 30 or 60 d at 100.0 or 200.-0 rng B/kg/d (NOAEL, 50 mg B/kg/d), tesﬁs weight
wasireduced, testicular germ cells were depleted, selected testicular enzy}nes were affected, and fertility
was reduced.®

In a continuous breeding study of boric acid in mice, a dose-related effect on the testis (testicular
atrophy and effects on sperm, motility, morphology, and concentration) was noted; fertility was partially

~ reduced at 111 mg B/kg/d, and totally reduced at 221 mg B/Kg/d.’ In rats, at non-maternally toxic

doses, there was a reduction in fetal body weight and some skeletal anomalies.™ With the exception of
shortened 13" rib, these malformationsr had reversed by posﬁatal day 21 at 13.7 and 28.6 mg B/kg/d ina
study designed to look at postnatal recovery.”® At higher, maternally toxic doses, other indications of

" dsvelbpmental effects were observed, including resorptions and visceral malformations; however, these
may have been secondary to the maternal toxicity.'"'"” In mice, the key. develnpmental effects observed
were similar to those seen in rats, including reduction in fetai bndy weight at the mid-dose and an
Jincrease in skeletal Variations, malformations, and resorptions at the highest, more maternally toxic
dose.”

In rabbits, developmental effects were seen only in the high dose, where the majority of the
embryos were resorbed and malformations were primarily Viscetal (major heart and/or great vessel
defects).'” Some skeletal variations and malformationé were observed at high doses, similar to rats;"
however, these effgcts may have been secondary to the maternal toxicity. A small, insignificant
decrease in fetal body weight was also observed. The NOAEL for both matemai and developmental
toxicity in the rabbit was 21.8 mg B/kg/d.”

Similar to boric aci.d, but at much lower concentrations (2.5 mg/L/d), Cd exposure to female
Xenopus for 30 d via the culture water appreciably affected ovary weight, total oocyte counts, oocyte
maturity and necrosis; Greater concent_rations rendered all of the oocytes necrotic. Reproductive effects

in males were also observed at > 2.5 mg Cd/L/d, including reduced testis weight, decreased sperm count,
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and increased proportion of abnormal sperm cells. Effects on breeding success, rate of fertilization, and

' 96-h embryo viability were substantially more marked in treated females than in treated males. The

effect of maternal Cd exposure on embryo-larval development was primarily embryolethal, although
terata, gut mal-development, visceral edemé, skeletal kinking of the notochord, craniofacial
abnormalities, ruptured pigmented retina, and microencephaly were indﬁced in the 2.5 mg/L/d treatment.

Cadmium has been shown to accumulate in vertebrates, Witl} slow elimination by the kidneys."
A variety of mammalian models have examined the reproductive toxicity of Cd to adults and fetuses."
Reproduétive tissues such"as the gonads and uterus readily accur;lulate Cd." Acute effects of Cd in’
mammals include testicuiar necrosié, ovarian hemorrhaging, and delayed embryo implantation.'%?° An
examination of oogenesis in mice indicatéci an increase in chrdmosomal anomalies vin the ovulated
oocytes and fewer oocytes ovulated, and showed an increase in necrotic oocytes.?

‘Reproductive endocrine function was disrupted in adult female Atlantic croaker (Micropogonias
undulatus) after Cd exposu‘rle33 and Cd altered vitellogenin metabolism in flounder (Platichthys flesus).*
In Medaka, early stages of development were the most sensitive and fertilized eggs accumulatéd most of
the Cd in the chorion.”® Continuous 'e‘xposure of rainbow (O. mykiss) and brown (S. tru.tta) ﬁout to Cd
for 30-d did not affect the survival and growth of the adults, although eggs from O. mykiss failed to
develop to the fry stage at ca. 2 pg/L, while obgenesis in S. trutta was delayeci at ca. 9 pg/L. Pramoda
and Saidapur’® found that the weight of ovaries and oviducts of CdCiz-exposed Indian bullfrogs (Rana
tigerinq) was decreaséd> and that the vitellogenic growth of oocytes was impaired.

- Teratogenic activity of Cd has also been demonstrated.'>'® Malformations induced in

~

mammaliain models included craniofacial and palate defects, eye defects, hydroencephaly, and various

limb malformations.”’ Interestingly, Weir et al.**

found that perfusing human placenta with low
concentrations of Cd caused a change in oxygen tension and markedly réducéd glucose and amino acid

utilization, as well as reducing the synthesis and release of hCG. Because gonadotropin activity in the
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o frog is responsible for ovulation and breeding, it is possible that these endocrine-disrupting effects are
responsible for the reproductive toxicity associated with Cd exposure in Xenopus.

In female Xenopus, EGME significantly reduced ovary and Qviduct weight and increased the rate
of oocyte necrosis at a concentration of 0.5 mg/L. Decreased maturation of normal-appearing oocytes
was noted at an EGME concentration of 0.75 mg/L. Normal-appearing eoeyfes collected from adults
exposea to 1 or 5 mg/L EGME were either partially respensiQe or eompletely unresponsive to
progesterone, respectively, when cultured in vitro. Reduced testis weight and atrophy were hoted ‘in
males at 0.5 mg/L. Reduced sperm counts and increased dysmorphogenesis rates were detected at 1.0
mg/L. Females exposed to 1.0 mg EGME/L/d for 30d ih the culture water had a much greater
proportion of immature eocytes in stages I and II than control females, which had a greater proportion of
mature ooeytes in stages V and VI (mature).

Although the reproductive toxicity of EGME is not as well understood as for boric aeid and Cd,
sufficient literature exists to cléssify EGME as a reproductive toxicant and suspect deirelopmen’tal
toxicant, depending on the dose and route of administration. EGME has been shown to reduce'fertility
indices, reduce epididymis, prostate and seminal vesicle weights, and increase the length of the estrous
cycle in Swiss CD-1 mice.?! Nagano et al. also reported that EGME induced testicular atrophy in mice.
Characteristic malformations induced in mammals by exposure to EGME inclﬁde skeletal defects, |
cardiovascular defects, vertebral anomalies, exencephaly, and limb (paw) defec’ts._23 Theee defects were
similar in type to the abnormalities induced in Xenopus larvae from females exposed to EGME.

Co-culture of progesterone with stage VI oocytes in v;‘tro induced successful GVBD from control
females, but not in the EGME-treated females. A signiﬁcant reeluction in the number of Stage VI
oocytes that successfully .cor'npleted GVBD following progesterone stimulation in vitro from Cd-treated
females was also observed when compared to the controls. Adult females exposed to repreductively
toxic levels of B had no appreciable effect o_h progesterone-induced GVBD in vitro. Interestingly,
however, chronic B deﬁciency substantially reduced oecyte progesterone responsiveness.”
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In the present study, incomplete maturation of “normal appearing” EGME-treated oocytes was
marked by size and incomplete GVBD. Normal ‘GVBD was observed in oocytes from control females.
Unlike the oocytes from control females, addition of proggsterone in vitto did not significantly étimulate
GVBD in oocytes from EGME-treated females. The inability of the oocytes which were “normal
appearing” to mature in the presénce of progesterone in vitro suggests that EGME or Cd may-disrupt the

maturation process at either the progesterone receptor level, or possibly in the cascade of secondary and

tertiary messenger events responsible for inducing the maturation of the oocyte.

Under natural conditions, gonadotropins released from the pituitary glé}nd of female X. laevis
trigger ovuiation and the egg laying response. Maturation of the oocyte is triggered by the bvind_ing of
progesterone produced by the follicle in response to gonadotropin stimulation. The progesté?dne
receptor in the X laevis oécyte is associated with the plasma membrane, rather than existing as an
intracellular receptor, which is common for steroid hormones.**! The rﬁorphological effects aésociated
with progesterone binding include the breakdown of the germinal vesicle and formation of the
maturation spindle. A cascade of intracellular events associated with second‘ messenger activity occurs
shortly after progesterone binding, marked by a transient increase in free Ca™, decreased levels of cAMP
and adenylate cyclase activity, membrane depolarization, rise in intraceliular pH, and increase in protein
synthesis and non-ribosomal protein phosphorolaﬁon immediately prior to gérminal vesicle breakdown.

A mafuration—promoting factor (MPF) has been identified as the link between the aforementioned
events and progesteroneA‘binding.40 MPF is formed from a pool of pro-MPF immediately prior to
germinal vesicle breakdown, but the protein responsible for this activation process has yet to be
identified. Howévef, purified MPF has been showh to induce normal maturation without signal
transducﬁon When injected into immature X. laevis oocytes.”! Similar experiments to identify the
responsiveness of the oocytes from the EGME-exposed females to puriﬁéd MPF are currently‘being
perfbrmed, along with an evaluation of expression and structural integrity of the oocyte progesterone
receptor. Preliminary findings indicate that progesterqne levels in the adult females exposed to either
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EGME (>1.0 mg/L/d) are similar to control animals, and that administration of human chorionic

gonadotropin (hCG) stimulates the ovulatory response and the production of progesterone. Thus, it is

- unlikely that the effects induced on oocyte maturation by EGME are the result of decreased ‘horinone

synthesis or effects on regulatory feedback loops, which are also being studied.

A greater proportion of previtellogenic oocytes was noted with exposure to high concentrations

- of each toxicant, in which greater proportions of immature oocytes were found. Since the process of

vitellogenesis does not begin until the oocyte is ca. 400 pm (stage 3), the greater proportion of
previtellogenic oocytes in the toxicant-treated femvales is most likely a secdndary effect of the inability
of the oocytes to mature. However, the effect of these test materials, particulaﬂy at lower
concentrations, on the fecundity of the oocyte membrane vitellogenin receptor responsible’ for binding
viteilogenin and yolk platelet incorporation in the oocyte will require further evaluation.

Data regarding the poteqtial effects of endocrine-disrupting contaminants (EDCs) on
reproductive function in amphibians are particularly lacking. On é larger scale, female reproductive
function in amphibians could be affected by EDCs at a number of target sites, including the Braifl,
pituitary, gonad, liver, and oviduct. Gonadal effécts of EDCs have cénsiderable potential to impair the
reproduction of female amphibians and have been reﬁorted in other lower vertebrate wildlife groups.
Female juvenile alligators from pesticide-contaminated Lake Apopka, ‘Florida, exhibit a number of
ovarian abnormalities, ihcluding polynuclear. oocytes and polyovular follicles,* supbressed synthesis of
17p-estradiol (E,), and reduced aromatase activity in vitro.*** Although these organizational alterations
in the structure. and/or function of reproductive tissues may have the greatest potential impact on the
reproductive fitness of a population,* activational effects of EDCs such as the rﬁodulation of endocrine
signaling in the adult gonad may also éigniﬁcantly imﬁair reproduction. Polyaromatic hydrocarbons
(PAHs) have been showﬁ to impair various aspects of ovarian function in adult fish. PAHs inhibited

oocyte growth, caused increased follicular atresié, and prevented final oocyte maturation in the Atlantic
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croaker.* Furthermore, the organochlorine compounds kepone and o,p’-DDD inhibited in vitro final
maturation of Atlaﬁtic croaker oocytes, which is induced by the steroid 17a.,208,21-trihydroxy-4-
pregnen—3-§ne (20B-S).*” In light of the current study, Pickford and Morris*® found that although a series
of natural and syntheti_cvestrogens did not alter progesterone-induced oocyte maturation, the
proestrogenic pesticide methoxychlor was a surprisingly potent inhibitor of progesterone-induced oocyte
maturation. This inhibitory activity Was'spcciﬁc to methoxychlor, rather than to estrogenic
contaminanté or its metabolites, and was not antagonized by the estrogen receptor antagonist ICI
182,780, suggesting that this activity is not estrogenic. Further, the inhibitory activity of methoxychlor
was found to be dose dependent, reversible? and early acting. |

Results from these studies demonstrate the imi)ortance of coﬁcurrently monitoring effects on the ’
reproductive organs, gametogenesis, reproductive perfonnance, and developmeﬁtal‘ﬁtness. Although '
potentially toxic effects on the goﬁad or gamétOgenesis ‘in males did not necessan'ly traﬁslate to effects
on either reproductive performance or developmental fitness, adverse transgenerational effects of B and
Cu deficiency in adult female X. /aevis have also been detected in developing offspring.”’ The present
work demonstrated that transgenerational effects of adult toxicant exposure can be monifored with the X.

laevis reproductive toxicity battery. These studies clearly demonstrate transgenerational effects

associated with adult X laevis female exposure to Cd and EGME. These transgenerational effects were

also observed with female exposure to B, but not to the same extent és no‘;ed with EGME and Cd. The
X.V laevis reproductive toxicity assay battery appears to be capable of monitoring reproductive tox/icity,
providing potential connective and mechanistic information concerning effects at the gonad .or gamete
level through embryo-larval development. The use of the progesterone-responsiveness assay with

immature oocytes may also provide links between gamete production and endocrine disruption.
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« Table 1. Effect of Route of Expoéure/Adlhinistration on Boric Acid, Cadmium, or
Ethylene Glycol Monomethyl Ether (EGME) Accumulation in Xenopus Gonadal

Tissue'
B? : cd’ . . " EGME? |

Route Testes Ovaries Testes ~ Ovaries Testes Ovaries
Control '320.0 94.6 <30.0° <30.0° .. <50.0° <50.0°

(52.3) (19.6) 0.0) (0.0) (0.0) - (0.0)

Cu]tﬁre Water* 405.0 178.0 60.0 256.8 326.5 549.3

440) (769 (8.0) (3.0) (73.2) (1.5)

Food5 633.2 » 191.3 118.5 496.2 273.6 466.7

(52.2) (31.3) ©.1) - (230.0) (19.5) 43.2)

ipt 580.6 309.2 - 3823.0 5851.7 1374.2 1217.6
602  (1170)  (306.0) (468.0) (99.8) (100.2)

s.c.’ 792.0 451.2 4530.0 6461.7 24635 - 29914
V (79.4) 90.2) ¢ (270.0) (517.0) (117.3) (129.5)

! Total B (ICP-MS), Cd (AAS-GF), and EGME (GC- MS) N 4 frogs per dose regimen/toxicant.

2 Expressed as pg/Kg with SE in parenthesis.

3 Practical Quantitation Limit (detection limit * dilution factor)

4100 mg B/L, 2.5 mg Cd/L, or 1.0 mg EGME/L exposure provided via culture water (FETAX Solutlon) 48-h renewal for
30 days.

’ Administered via B-, Cd-, or EGME-enriched llver Total B administered = 10 mg/Kg/day for 30 days. Total Cd
administered = 2.5 mg/Kg/day. Total EGME administered = 1.0 mg/Kg/day.

¢ 100 mg B/Kg/day, 2.5 mg Cd/Kg/day, or 1.0 mg EGME/Kg/day administered daily for 5 days.
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Table 8. Effect of Boric Acid, Cadmium, and Ethylene Glycol Monomethyl
Ether (EGME) exposure on Progesterone responsiveness -

in X. laevis Oocytes'

Exposure Concentration® (mg/L) Progesterone Responsive
Test Material ‘ ' ' (%)
Control 0.0 ‘ 98:2
3.D
Boric Acid 100.0 92.8
(10.2)
Cadmium - 1.0 89.8
' ' (15.8)
EGME 0.5 ' 23.5°
\ (11.5)

' Responsiveness indicated by maturation of normal-appearing stage VI oocytes to undergo germinal vessicle
breakdown over a 24-h period when cultured with 1 pM progesterone in vifro; n = 4 females per test material.

2 Expressed as total B, total Cd, and EGME.
3 Statistically less than the control (Dunnett’s Test, P > 0.05).
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